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SUMMARY 
 
Plant growth and development involve different signaling and metabolic 
intermediates. Plants are exposed to various biotic and abiotic stresses during their 
lifetime. The role of phytohormones in mediating this defense response has been well 
characterized. Specific hormones like ABA, SA, MeJA are well known plant stress 
responsive phytohormones. The signaling intermediates of these phytohormone-
mediated plant defense response involve various proteins with specialized domains. 
Some of the well-characterized proteins with unique domains include the AP2/ERF 
TFs. In Arabidopsis thaliana, the roles of different AP2/ERF transcription factors 
have been well characterized. Apart from TFs other proteins with unique domains 
play important roles in mediating plant defense response. Several such proteins 
involved in plant defense response are still uncharacterized. 
In this study, we characterized three distinct Arabidopsis genes each 
containing unique domains, which were identified from a previous microarray data in 
our lab. The first gene, At5g17960 encodes a protein with three domains belonging to 
the C1 clan, namely, C1_2, C1_3 and ZZ/PHD type. We also identified and 
characterized by phylogenetic analysis 73 C1 clan genes including At5g17960 
containing the three C1 clan domains. Promoter motif analysis helped us to identify 
that the 73 C1 clan genes would likely to be regulated by various phytohormones and 
could be stress induced. Transgenic lines with altered expression of At5g17960 
(ectopic expression and knockdown lines), showed no phenotypic changes under 
normal growth conditions. Characterization of At5g17960 by various biotic (chitin 
elicitation and infection by Alternaria) and abiotic (cold, salt, drought, UV 
irradiation) stress treatments showed significant induction in the transcripts, 
	  	   vii	  
suggesting that it could be involved in plant defense response. Furthermore, we 
showed that some of the putative stress-inducible marker genes are altered upon chitin 
treatment of At5g17960 transgenic lines, suggesting a coordinated regulation of these 
marker genes. Two other proteins, which shared sequence similarity to At5g17960, 
were also induced by biotic and abiotic stresses. All these data suggested that the C1 
domain-containing gene At5g17960 could be involved in plant defense response. 
AP2/ERF domain containing TF, ERF105 (At5g51190) belongs to B3 
subclsuter. Members of this subgroup are involved in plant defense response. We 
showed that ERF105, a nuclear localized GCC box binding residue containing protein 
could be induced by biotic and abiotic stresses. Phytohormones like, GA, ethylene, 
MeJA and SA upregulated the transcript levels of ERF105. Transgenic lines with 
altered expression of ERF105 (ectopic expression and knockdown lines), showed no 
phenotypic changes under normal growth conditions. Two of the downstream target 
genes of AP2/ERF TFs, namely, PR3 and PDF1.2a were also induced upon chitin 
treatment of ERF105 transgenic lines. Our results were consistent with the finding 
from the closest homologue, ERF104. Based on the response of ERF105 to various 
stress treatments, ERF105 could be a TF that mediate plant defense response along 
with other members of B3 subcluster. 
The third gene in this study At5g58680, is a six Armadillo (ARM)-repeat 
containing protein. Transgenic lines, with altered expression of At5g58680 (ectopic 
expression and knockdown lines), showed no phenotypic changes under normal 
growth conditions. Our preliminary functional characterization showed that this gene 
was upregulated by both biotic and abiotic stresses. Despite the presence of more than 
80 ARM-repeat containing proteins in Arabidopsis, very few of them have been 
functionally characterized. Two of the characterized members were found to be 
	  	   viii	  
involved in stress response.  Our findings that At5g58680 could be induced by biotic 
and abiotic stresses were consistent with these known ARM-repeat containing 
proteins.  
In conclusion, we characterized three genes, belonging to different gene 
families involved in plant stress response.  Since we did not observe any phenotypic 
change under normal growth conditions, it would be important to study the overall 
phenotypic changes in the whole plant throughout its life cycle upon various stress 
treatments. This would enable us to generate transgenic plants with improved 
tolerance to biotic and abiotic stresses.  
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Plant growth is an intricate mechanism involving various signaling and 
metabolic intermediates. Being sessile, plants are prone to various stress conditions in 
the changing environment. The role of phytohormones in regulating plant growth and 
development is crucial for its survival and reproduction. Plants adopt many strategies 
to counteract the adverse effects of both biotic and abiotic stresses.  Phytohormones 
provide signals to allow plants to survive under stress conditions. They are one of the 
key factors helping to integrate metabolic and developmental events in the whole 
plant and the response of plants to external factors. They are essential for many 
processes throughout the life of a plant and influence the yield and quality of crops. 
This crucial mechanism involving various phytohormones, stress conditions and the 
metabolic changes is essential to understand plant development for genetic 
engineering of stress-resistant transgenic plants. 
 
1.1 Biotic stress mediated defense response 
Plants have evolved sophisticated defense mechanisms against pathogens. 
Plants defend themselves against microbial pathogens by activating both systemic and 
localized resistance responses. These responses include rapid localized cell death, 
known as the hypersensitive response (HR). In addition, HR could regulate defense 
responses of plants in both local and distant tissues (Bradley et al. 1992). Signaling 
molecules implicated in these inducible defense systems include salicylic acid (SA), 
jasmonic acid (JA), ethylene (ET), and reactive oxygen species (ROS) (Hammond-
Kosack and Jones 1996; Ryals et al. 1996). In a compatible interaction, a virulent 
pathogen is able to defeat these plant defense mechanisms, either by avoiding 
detection or by neutralizing host defenses. 
A major goal in plant pathology is to understand the molecular basis of 
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specificity in plant pathogen interactions. A crucial event is the recognition of the 
invading pathogen by the plant at an early stage of infection. Specific recognitions are 
thought to be mediated through direct or indirect interactions between the product of a 
resistance (R) gene in the plant and the product of a corresponding avirulence (Avr) 
gene in the pathogen. A. thaliana has been studied intensively as a model host plant 
for diseases caused by bacterial, fungal, and viral pathogens (Narusaka et al. 2004). 
Plant defense response against biotic stress like bacterial flagellin protein 
called flg22 shows that flg22 regulates the release of an ethylene response factor 
substrate from MAP (Mitogen activated protein) kinase 6 in A. thaliana via ethylene 
signaling (Bethke et al. 2009). Fungal elicitors induce a transient release of active 
oxygen species from cultured spruce cells that is dependent on Ca2+ and protein-
kinase activity (Schwacke and Hager 1992). Fungal cell wall components called 
chitin are recognized by plant cell for defense signaling through plasma membrane 
receptor called CEBiP (chitin elicitor binding protein) (Kaku 2006). 
During development of chemically induced resistance (IR) in Arabidopsis 
thaliana, priming of cells for faster and stronger activation of defense responses is 
associated with accumulation of mRNA and inactive proteins of Mitogen activated 
protein kinases (MPKs) like MPK3 and MPK6. Upon exposure to biotic or abiotic 
stress, these two enzymes are more strongly activated in stress-induced plants than in 
non stess-induced plants. This elevated activation was linked to enhanced defense 
gene expression and development of IR. Findings show that pre-stress deposition of 
the signaling components MPK3 and MPK6 is a critical step in priming plants for full 
induction of defense responses during IR (Beckers et al. 2009).  
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Chitin is a major component of fungal cell walls and serves as a microbe-
associated molecular pattern (MAMP) for the detection of various potential pathogens 
in innate immune systems of both plants and animals. Chitin-elicitor binding protein	  (CEBiP), a plasma membrane glycoprotein with LysM motif, functions as a cell 
surface receptor for chitin elicitor in rice (Kaku 2006). CERK1 plays a critical role in 
fungal MAMP perception in plants (Miya et al. 2007). Another study suggests that in 
Arabidopsis, CERK1 is a major chitin-, chitosan-, and chito-oligomer-binding 
component and that chitin signaling depends on CERK1 post-translational 
modification and kinase activity (Petutschnig et al. 2010). Furthermore, LysM RLK1 
was shown to be essential for chitin signaling in plants (likely as part of the receptor 
complex) and it is involved in chitin-mediated plant innate immunity (Wan et al. 
2008). The LysM RLK1-mediated chitin-signaling pathway is unique, but it may 
share a conserved downstream pathway with the FLS2/flagellin- and EFR/EF-Tu–
mediated signaling pathways. 
 
1.2 Plant response to abiotic stresses 
 
Environmental stresses such as low temperature, drought and salinity limit 
crop productivity worldwide. Plants respond and adapt to these stresses through 
various biochemical and physiological processes, thereby acquiring stress tolerance. 
Understanding plant responses to these stresses is essential for rational engineering of 
hardier crop plants (Xiong and Zhu 2001). Molecular and genomic studies have 
shown that several genes with various functions are induced by drought and cold 
stresses. The products of stress-inducible genes function not only in stress tolerance 
but also in stress response. A genetic study has identified many factors that modify the 
regulation of stress responses (Shinozaki et al. 2003). Many genes respond to drought, 
salt and/or cold stress at the transcriptional level, and the products of these genes 
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function in the stress response and tolerance (Shinozaki and Yamaguchi-Shinozaki 
2000; Thomashow 1999). Salt and drought stress mediated signal transduction 
consists of ionic and osmotic homeostasis signaling pathways, detoxification (i.e., 
damage control and repair) response pathways, and pathways for growth regulation 
(Zhu 2002). Drought induces mechanical stress on roots due to soil hardness, osmotic 
stress because of cell dehydration and removal of water in the extra-cellular space, 
and oxidative stress by the accumulation of reactive oxygen species (ROS) (Kovtun et 
al. 2000). Molecular and genomic analyses have revealed many genes that are 
induced by abiotic stress. The various stress-inducible genes include those that encode 
signaling molecules, such as enzymes involved in phospholipid metabolism and 
various protein kinases including MAP kinases, calcium-dependent protein kinases 
(CDPKs), receptor-like kinases and histidine kinases (Shinozaki and Yamaguchi-
Shinozaki 2000; Zhu 2002). Metabolic networks in drought stress responses, long 
distance signaling, cross talk between plant organs, have been at the center of most 
recent studies. Fig 1.1 summarizes that both biotic and abiotic stress signal 
transduction results from a complex arrangement of interacting factors. 
The combination of both biotic and abiotic stress conditions may lead to signal 
transduction (Fig 1.1) (Atkinson and Urwin 2012). This perception of stress could be 
through receptors, which can detect signals of varied nature like from pathogens etc. 
This leads to signal transduction downstream leading to the activation of MAP kinase 
cascade through phosphorylation reactions, ROS signal accumulation or through 
hormonal signaling. All these signal cascade mechanisms are interrelated. 
Downstream of these cascade pathways are the nuclear localized transcription factors, 
which respond to the incoming signals. Known examples of such TFs include HSF, 
AP2/ERF, DREB/CBF etc. These TFs regulate the expression of pathogenesis related 
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genes called PR genes, which in turn get sensitized and defend the plant against the 
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Fig 1.1 Key events in the signal transduction pathway activated in response to 
combined biotic and abiotic stresses (Redrawn from Atkinson and Urwin 2012). Refer 
back to text for more detailed description. 
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1.3 Phytohormones in defense response 
 
Eukaryotic cells respond to both external and internal stimuli. Such responses 
could be environmentally induced by biotic or abiotic stress conditions.  The role of 
phytohormones in regulating plant defense response against biotic stress like bacterial 
(Bethke et al. 2009), fungal (Schwacke and Hager 1992;	   Kaku 2006) and against 
abiotic stresses like drought (Shinozaki and Yamaguchi-Shinozaki 2007), salinity, pH 
(Lager et al. 2010) and others is well known (Liopa-Tsakalidi and Barouchas 2011). 
Phytohormones like ET, JA, SA are known to modulate plant immunity (Pieterse et 
al. 2012). DELLA proteins are plant growth repressors, which are degraded by 
phytohormone gibberellins to regulate their levels. DELLA proteins in turn regulate 
plant immune response by balancing the JA and SA signaling (Navarro et al. 2008). 
Fig 1.2 summarizes the role of ABA in abiotic stress response, whereas the 
defense against different biotic stress is by antagonistic interactions between SA and 
JA/ethylene signaling pathways. ABA treatment represses the systemic acquired 
resistance (SAR) pathway both upstream and downstream of SA induction in 
Arabidopsis and tobacco, as well as inhibiting the accumulation of crucial defense 
compounds such as lignins and phenylpropanoids (Fig. 1.2) (Asselbergh et al. 2008).  
The occurrence of simultaneous biotic and abiotic stresses presents added degree of 
complexity, as the responses to these are largely controlled by different hormone 
signaling pathways that may interact and inhibit one another (Atkinson and Urwin 
2012).  The plant hormones ABA, JA, and ethylene are involved in diverse plant 
processes, including the regulation of gene expression during adaptive responses to 
abiotic and biotic stresses. Previously, ABA has been implicated in enhancing disease 
susceptibility in various plant species, but currently very little is known about the 
molecular mechanisms underlying this phenomenon. A study indicates that the 
	  	   9	  
antagonistic interactions between multiple components of ABA and the JA-ethylene 
signaling pathways modulate defense and stress responsive gene expression in 
response to biotic and abiotic stresses (Anderson et al. 2004).  In addition to the 
important role of ABA in abiotic stress signaling, basal and high ABA levels appear 
to have a negative effect on disease resistance. Another study has demonstrated the 
influence of this plant hormone on disease progression of Erwinia chrysanthemi, a 
necrotrophic plant pathogenic bacterium responsible for soft rot disease on many 
plant species, causing maceration symptoms mainly due to the production and 
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Fig 1.2 The role of plant hormones in regulating the interaction between biotic and 
abiotic stresses.     
 
The schematic diagram shows cross talk occurring between hormones, transcription 
factors, and other regulatory components when biotic and abiotic stresses occur 
concurrently. This complex network of interactions allows plants to respond in a 
highly specific fashion to the exact combination of environmental stresses 
encountered. Blue arrows show induction or positive regulation, while red bars show 
inhibition or repression. Events characteristic of abiotic stress responses are shown in 
pink, while those characteristic of biotic stress responses are shown in green. Orange 
boxes represent transcription factors and other regulatory genes. ROS, reactive 
oxygen species; ABA, abscisic acid; JA, jasmonic acid; SA, salicylic acid; PR, 
pathogenesis-related; SAR, systemic acquired resistance; HSF, heat shock factor. 
(Redrawn from Atkinson and Urwin 2012). 
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1.4 GA signaling in plant stress 
Gibberellins (GAs) are a class of plant hormones that have an important role 
in coordinating growth and development in response to diverse environmental signals. 
By genetic studies, it has been demonstrated that the DELLA proteins, which are 
transcriptional regulators, act to repress GA-responsive growth and development. In 
many cases, through a 26S proteasome-mediated pathway, there occurs rapid targeted 
degradation of the DELLA proteins by biologically active GAs, which are 
accumulated by plants responding to favorable environmental signals. This removal 
of the DELLA proteins results in the respite of growth repression and promotion of 
GA-responsive growth and development (Thomas et al. 2010). 
A study has shown that in Arabidopsis, the growth inhibition of hypocotyl and 
root growth caused by ethylene is mediated, in part, by the stabilization of DELLA 
proteins (Achard et al. 2003). Similar to the auxin response in Arabidopsis roots, 
ethylene appears to affect the stability of the DELLA protein, RGA, by altering its 
GA-responsiveness (Achard et al. 2003).  
High salinity is known to have an inhibitory effect on plant growth. Studies 
have indicated in Arabidopsis the importance of the GA-DELLA signaling pathway in 
controlling this growth response and also integrating other hormonal signals (Achard 
et al. 2006; Magome et al. 2004). These studies have demonstrated that high salinity 
causes a reduction in the levels of bioactive GAs in Arabidopsis, consequently leading 
to growth repression through the accumulation of DELLA proteins. A study has 
shown the importance of DELLA proteins in mediating this response, which is further 
highlighted by the findings that loss-of-function mutations in four of the five DELLA 
genes in A. thaliana display increased root growth in the presence of high salinity 
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(Achard et al. 2006). However, these plants are more susceptible to these conditions 
than the wild-type controls, illustrating the importance of the GA-DELLA pathway 
for promoting survival during adversity. Furthermore, it appears that the GA-DELLA 
pathway is important for the integration of other salt-activated hormonal signaling 
pathways including ABA and ethylene. In both cases, these hormones act to repress 
growth during salt exposure by increasing the levels of DELLA proteins, potentially 
affecting its GA-mediated degradation. A study indicates that AP2/ERF transcription 
factors belonging to the DREB/CBF1 sub-family, including DDF1, play an important 
role in controlling A. thaliana bioactive GA levels in response to salt stress (Magome 
et al. 2004; Magome et al. 2008). However, the mechanisms by which this is achieved 
have not been fully elucidated. The salt-responsive gene, DDF1 encodes a 
transcription factor that is responsible for up-regulating the expression of several GA 
2-oxidase genes, including GA2OX7. The increased expression of these GA-
inactivating enzymes is predicted to cause the reduction in GA levels that are 
observed in response to salt stress. In light of these findings, and the presence of 
multiple members of the DREB/CBF1 transcription factor family, it is highly 
plausible that this represents a common mechanism for rapidly repressing growth in 
response to environmental stresses via the GA-DELLA pathway. 
Intriguingly, a study in A.thaliana has also implicated engineered 
nanoparticles (ENPs) in the plants response to biotic stresses (Navarro et al. 2008). 
Bacterial resistance can be induced in A.thalianas by the flagellin-derived elicitor 
peptide flg22 (Zipfel et al. 2004). Perception of flg22 by the FLS2 receptor results in 
the expression of many defense related genes and growth repression of the plants 
(Gómez-Gómez et al. 1999). Another study has demonstrated that the GA-DELLA 
pathway has a role in mediating the flg22-induced growth response (Navarro et al. 
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2008). The plant hormones SA, JA and ethylene have essential roles in mediating 
pathogen responses in plants. The SA-dependent pathway and an SA-independent 
pathway that involves JA and ethylene are antagonistic. In general, the SA-dependent 
and JA/ethylene pathways mediate resistance to biotrophic and necrotrophic 
pathogens, respectively. Characterization of the SA and JA/ethylene pathways in 
pathogen-infected GA signaling mutants indicated that the GA-DELLA signaling 
pathway acts to control these pathogen responses by altering the balance of the SA 
and JA/ethylene signaling pathways (Stephen et al. 2010). 
 
1.5 Protein domains in stress response 
The investigation of plant molecular responses to multiple stresses has often 
focused on overlapping transcriptional patterns. To this effect, a study has been 
carried out in which different groups of plants were exposed to either one stress or 
another in parallel and their gene expression patterns compared (Atkinson and Urwin 
2012). Overlapping sets of genes that are regulated by both stresses are then identified 
and proposed to represent a generalized stress response or points of crosstalk between 
signaling pathways (Atkinson and Urwin 2012). A study has identified transcriptome 
changes in Arabidopsis in response to salt, osmotic, and cold stress (Kreps et al. 
2002). Although these results identify hundreds of potentially important transcriptome 
changes, the biochemical functions of many stress-regulated genes remain unknown.   
A work monitored the expression profiles of 7000 Arabidopsis genes under 
drought, cold and high-salinity stresses using a full-length cDNA microarray (Seki et 
al. 2002). The transcripts of 53, 277 and 194 genes increased after cold, drought and 
high-salinity treatments, respectively, more than fivefold compared with the control 
genes. The work further suggests that cross-communicating signaling pathways in 
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which SA, JA, and ET play key roles regulate plant defense against pathogens and 
insects differentially.  
To understand how plants integrate pathogen- and insect-induced signals into 
specific defense responses, a study monitored the dynamics of SA, JA, and ET 
signaling in A. thaliana after attack by a set of microbial pathogens and herbivorous 
insects with different modes of attack (De Vos et al. 2005). Monitoring the signal 
signature in each plant-attacker combination showed that the kinetics of SA, JA, and 
ET production varies greatly in both quantity and timing. Their study shows that SA, 
JA, and ET play a primary role in the orchestration of the plant's defense response, 
but other regulatory mechanisms, such as pathway crosstalk or additional attacker-
induced signals, eventually shape the highly complex attacker-specific defense 
response.  
Another study included whole-genome transcriptional profiles from A. 
thaliana root and shoot organs under nine abiotic stress conditions (cold, osmotic 
stress, salt, drought, genotoxic stress, ultraviolet light, oxidative stress, wounding, and 
high temperature) and at six different time points of stress exposure (0.5, 1, 3, 6, 12, 
and 24h) (Swindell 2006).  Analysis of transcriptional genes responding to all nine 
stress treatments indicated that cell rescue/defense/virulence, energy, and metabolism 
functional classes were overrepresented, providing novel insight into the functional 
basis of multiple stress tolerance in A. thaliana.  
Another study has identified about 2000 drought-responsive genes in A. 
thaliana under progressive soil drought stress using whole-genome oligonucleotide 
microarrays (Huang et al. 2008). Their analyses have demonstrated that ABA-related 
stress responses are modulated by other environmental and developmental factors. 
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Their study shows that ABA-dependent pathways are predominant in the drought 
stress response. A list of TFs that may be crucial in controlling the response to biotic 
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Table 1.1 Transcription factors with a potential role in the interaction between biotic 
and abiotic stress signaling pathways (Redrawn from Atkinson and Urwin 2012) 
Gene  Type Induced by Potential mechanism of action References 
MYB2 MYB Drought, 
ABA  
Regulates ABA- and JA-inducible genes. (Abe et al. 2003)    
(Shinozaki et 
al.2007) 
MYB4 MYB UV-B, 
flg22 
Negative regulator of UV-B protective 
flavonol synthesis. Represses flavonol 
pathway in response to flg22 allowing 
synthesis of pathogen defense 
compounds. 
(Jin et al. 2000)    




MYB UV-B Positive regulator of UV-B-induced 
flavonol production. Down-regulated 
following additional flg22 treatment. 





Regulates drought-responsive cuticular 
wax formation and promotes SA 
biosynthesis. 
(Seo et al. 2010)   
(Seo et al. 2011) 
 
BOS1 MYB Botrytis 
cinerea 
Required to restrict spread of 
necrotrophic pathogens and provide 
tolerance to abiotic stresses (water 
deficit, salinity, oxidative stress). 







Central in cross-talk between hormone 
signaling pathways. Activated by ABA, 
it acts as a positive regulator of JA 
signaling and suppresses SA responses. 
(Abe et al. 2003)  
(Anderson et al. 
2004) 




NAC  Blumeria 
graminis 
ABA-inducible factor that represses 
ABA signaling during pathogen 
infection. 
(Jensen et al. 2008) 
ATAF2
  




Integrates wounding and pathogen 
defense responses. 
(Delessert et al. 
2005) 
NTL6 NAC Cold A cold-activated inducer of PR gene 
expression and disease resistance. 
(Seo et al. 2010) 
RD26 NAC Drought, 
NaCl, 
ABA, JA 
Positively regulates ABA-responsive 
genes and mediates cross-talk between 
ABA and JA signaling pathways. 







Negatively regulates components of the 
SA-mediated pathogen response and 
DREB/CBF freezing tolerance pathways. 








Suppresses a repressor of defense 
responses to a wide range of stresses, 
including WRKY70,  a mediator between 
JA and SA signaling. 
(Rizhsky et al. 2004)    










A central regulator connecting reactive 
oxygen and abiotic stress signaling. 
Regulates genes responsive to high light 
and oxidative stress. 
 
(Rizhsky et al. 2004)    
(Davletova et al. 
2005) 




HSF Heat shock Regulates basal resistance to biotic and 
abiotic stresses and maintains growth 
rate under stress. 




HSF High light, 
heat, H2O2 
H2O2-induced early regulator of defense 
genes. 
(Nishizawa et al. 
2006) 
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1.6 The C1 clan proteins 
A group of proteins with several conserved domains that are speculated to be 
involved in plant defense belongs to C1 clan. The classification of protein families by 
Pfam (Punta et al. 2012) has considerably helped to handle vast amount of protein 
sequences. Protein clans are defined as two or more Pfam families, which have arisen 
from a single evolutionary origin (Finn 2006).	   Protein sequences rich in cysteine 
residues have been classified into C1 clan. This C1 clan contains five Pfam family 
domains, namely, C1_1, C1_2, C1_3, C1_4 and ZZ. These five domains of C1 clan 
share sequence similarity with the N-terminal conserved region of protein kinase C 
(PKC) called C1 section. This C1 section of PKC contains a tandem repeat of 
cysteine-rich sequence (Azzi et al. 1992). The cysteine-rich C1 section of PKC is 
present in the regulatory domain of PKC and is essential for phorbol ester (PE) 
binding (Ono et al. 1989). PE is an analogue of Diacylglycerol (DAG), which are 
secondary messenger molecules.  Overall, the role of these C1 clan domains has been 
largely unknown and there is no proper classification. 
Genes containing one or more domains of C1 clan have been identified and 
characterized in various plants. After the genome sequencing of Arabidopsis, rice and 
other plant species we have sufficient amount of data to analyze the heterogeneity of 
these C1 clan domains. In Arabidopsis, ULI3, which contains one C1-domain, is 
involved in UV-B mediated signal transduction (Suesslin and Frohnmeyer 2003). 
When tobacco BY-2 cells were elicited by glucan derived from Alternaria, two genes 
were induced viz. NtDC1A and NtDC1B early and strongly, but their precise 
regulatory role could not be identified (Shinya et al. 2007). A CHP-rich (cysteine, 
histidine, and proline rich) zinc finger protein family gene called TaCHP from bread 
wheat (Triticum aestivum) contains three C1 domains, which enhance abiotic stress 
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tolerance in plants (Li et al. 2010). These reports suggest the varied roles of different 
domains of C1 clan members and present a strong case for their comprehensive 
characterization in planta. 
 
1.7 The AP2/ERF transcription factor family 
Another group of transcription factors involved in regulating disease 
resistance is the AP2/ERF family. The AP2/EFR transcription factor family is unique 
to the plant lineage (Riechmann et al. 2000). They include several genes that encode 
proteins, which are involved in the regulation of disease resistance pathways 
(Gutterson and Reuber 2004). The role of AP2/ERF domain containing proteins and 
their role in plant defense mechanism have been well studied (Gutterson and Reuber 
2004; Feng et al. 2005). Some members of this group are elicited by both biotic and 
abiotic stresses (Dietz et al. 2010). 
The conserved domain that defines this family was first described in the 
homeotic gene APETALA2 (AP2) (Jofuku et al. 1994), and in ethylene-responsive 
element binding proteins (EREBPs) from tobacco (Ohme-Takagi and Shinshi 1995). 
A study has identified three proteins (Pti-4, Pti-5 and Pti-6) that interact with the 
tomato disease resistance protein Pto in yeast two-hybrid assays (Zhou et al. 1997). 
Each of these proteins has a conserved domain (Ohme-Takagi and Shinshi 1995); this 
domain defines a subgroup of the AP2 family that was later designated as the ethylene 
response factor (ERF; or ethylene responsive element binding factor) subfamily. This 
was the first indication that members of this subgroup might be involved in the 
regulation of plant disease resistance pathways. Since these earliest observations, 
work on the role of ERF TFs has proceeded both vertically (i.e. mechanistically with 
a few genes) and horizontally (i.e. through the analysis of the role of additional ERF 
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TFs in disease) (Gutterson and Reuber 2004). 
The classification of AP2/ERF domain containing proteins in Arabidopsis has 
identified 147 genes possibly encoding AP2/ERF domain(s)	   (Nakano et al. 2006) 
(Table 1.2). Among this classification the first major class is of proteins containing 
the AP2 domain. Within this class, 14 genes were predicted to encode proteins 
containing two AP2/ERF domains. The genes within this category include 
APETALA2, AINTEGUMENTA, RAP2.7 (Related-to-AP2.7) (Jofuku et al. 1994).  The 
APETALA2 protein is involved in various plant developmental processes like 
specification of floral organ identity, development of ovule and seed, the 
establishment of floral meristem and the regulation of expressions of floral homeotic 
genes such as AGAMOUS (Drews et al. 1991;	  Jofuku et al. 1994).  
The remaining four genes, At2g41710, At2g39250 (SCHNARCHZAPFEN, 
SNZ),  
 At3g54990 (SCHLAFMUTZE, SMZ) and At5g60120 (TARGET OF EARLY 
ACTIVATION TAGGED (EAT) 2), encode an AP2/ERF domain, but are distinct from 
the ERF type and are instead more closely related to that of the AP2 type.  
One hundred twenty-seven genes were predicted to encode proteins containing 
a single AP2/ERF domain. 122 of these 127 genes were assigned to the ERF family. 
The groups I to IV comprise of DREB and RAP2 family of genes among others. 
Members of DRF subfamily are primarily involved in the regulation of abiotic stress 
responses (Gutterson and Reuber 2004).  Other genes in this group like CBF3 
(DREB1A) and DREB2 (DREB1C) function as trans-acting factors in two separate 
signal transduction pathways under low-temperature and dehydrated conditions, 
respectively (Liu et al. 1998). The representative gene of this group the CBF1 
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(DREB1B) functions as a transcriptional activator that binds to the C-repeat/DRE 
DNA regulatory element and plays a role in cold- and dehydration-regulated gene 
expression (Stockinger et al. 1997).  
There are 58 genes in the groups V-X and the ERF1-5 falls within this group. 
Representatives of this group include ERF1-5 genes. A study has showed that 
AP2/ERFs are factors that respond to extracellular signals to modulate GCC box–
mediated gene expression positively or negatively (Fujimoto et al. 2000). AtERF1, 
AtERF2, and AtERF5 functioned as activators of GCC box–dependent transcription 
in Arabidopsis while AtERF3 and AtERF4 acted as repressors that downregulated not 
only basal transcription levels of a reporter gene but also the transactivation activity 
of other transcription factors. The AtERF1-5 genes were differentially regulated by 
ethylene and by abiotic stress conditions, such as wounding, cold, high salinity, or 
drought, via ETHYLENE-INSENSITIVE2 (EIN2)–dependent or –independent 
pathways. Ethylene and JA induce the gene ERF1 simultaneously, and such induction 
is dependent on an intact signal transduction pathway for both hormones, indicating 
that ERF1 might be an integration point of ethylene and JA signals (Lorenzo et al. 
2003).  
ERF104 is a vital regulator of basal immunity in Arabidopsis, as altered 
expression in both erf104 and overexpression led to more growth inhibition by flg22 
(flagellin22) and enhanced susceptibility to a non-adapted bacterial pathogenesis. A 
study has identified a transcription factor ERF104, which interacts with MPK6 
(Bethke et al. 2009). They validated this interaction and showed ERF104 to be a 
nuclear substrate involved in plant defense. The release of ERF104 from MPK6 in the 
nucleus required rapid ET signaling, which could indicate novel roles of hormone 
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signaling in mediating substrate release. This study points to a novel role of ethylene 
in such substrate release, presumably allowing the liberated ERF104 to access target 
genes. Furthermore, microarray data show enrichment of GCC motifs in the 
promoters of ERF104-up-regulated genes, many of which are stress related. 
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Table 1.2 Classification of the Arabidopsis AP2/ERF transcription factors (Redrawn 
from Nakano et al. 2006) 
 
*Total for each family is shown in bold  
Classification DNA binding domain type 
Number 
of genes Representative genes 
AP2 family 
 18  
Double AP2/ERF 14 APETALA2, AINTEGUMENTA, RAP2.7 
Single AP2/ERF 4 SNZ,	  SMZ,	  TOE2	  
ERF family 
 122  
Groups I to IV 57 RAP2.4, RAP2.1, DREB1B, DREB2A 
Group V to X 58 RAP2.3, ERF3, ERF4, ERF1, ERF2, ERF5 RAP2.6, ERF104, ERF105 
Group VI-L & Xb-L 7 ERF116, ERF119 
At4g13040 AP2/ERF-like 1 At4g13040 
RAV family Single AP2 + B3 6 RAV1, RAV2 
Total  147  
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The gene, At4g13040, includes an AP2/ERF-like domain sequence, but its 
homology appears quite low in comparison with the other AP2/ERF genes. Therefore, 
this gene was designated as a soloist (Nakano et al. 2006). The last group in the 
classification includes six genes, which are predicted to encode for one AP2/ERF 
domain together with one B3 domain (Nakano et al. 2006). These six genes were 
designated to the RAV families. First identified in 1999, RAV1 and RAV2 are 
representative genes of the RAV subfamily. These two genes are novel DNA-binding 
proteins with an AP2 domain at their N- terminus which recognizes the CAACA 
sequence, and a B-3 domain at their C-terminus which recognizes the CACCTG 
sequence (Kagaya et al. 1999). Subsequent studies revealed the involvement of RAV1 
in stress responses as well as plant growth and development.  
Several members of the AP2/ERF family bind specifically to the sequence 
AGCCGCC through the conserved ERF domain (Hao et al. 1998). This cis-acting 
sequence, known as the GCC-box, is found in the promoters of many pathogen-
responsive genes such as PDF1.2, Thi2.1, and PR4 (Zhou et al. 1997;	  Manners et al. 
1998). The GCC-box has been shown to function as an ethylene-responsive element 
that is necessary, and in some cases sufficient, for the regulation of transcription by 
ethylene (Ohme-Takagi and Shinshi 1995;	   Manners et al. 1998). Furthermore the 
study suggests that in addition to their roles in regulating ethylene-mediated gene 
expression, ethylene response factors also appear to play an important role in 
regulating jasmonate-responsive gene expression, possibly via interaction with the 
GCC-box (Brown et al. 2003). 
Hence, the AP2/ERF domain containing plant transcription factors are 
involved in regulating plant development and they play a crucial role in plant defense 
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response. Although most of these members have been identified several of the genes 
in this family are yet to be characterized. 
1.8 The Armadillo-repeat protein family 
Armadillo (ARM)-repeat proteins are characterized by the presence of a 
repeating approximately 42 amino acid motif composed of three α-helices, which was 
first characterized in the Drosophila segment polarity protein Armadillo (Peifer et al. 
1994). The ‘Armadillo’ nomenclature originates from the appearance of embryos that 
are mutant for the Drosophila segment polarity gene armadillo, the founding member 
of the family (Riggleman et al. 1989;	  Nüsslein-Volhard and Wieschaus 1980). Several 
ARM-repeat protein crystal structures have been solved, (Choi and Weis 2005;	  Conti 
et al. 1998;	  Huber et al. 1997;	  Otomo et al. 2005;	  Rose et al. 2005;	  Striegl et al. 2010;	  
Zhao et al. 2009) demonstrating upon comparison that although ARM-repeat proteins 
do not necessarily share a great deal of sequence identity, they share a related 
structure and are evolutionarily ancient. Tandem ARM-repeat units fold together as a 
superhelix, forming a versatile platform for interaction with many protein partners. 
For this reason, many ARM-repeat proteins have more than one independent cellular 
role, and eukaryotic ARM-repeat proteins as a whole have diverse and important 
functions (Coates 2003).  The lack of shared sequence identity and the degenerate 
nature of the repeat sequence makes defining cross-species homologues and 
orthologues of ARM-repeat proteins problematic, although ARM-repeat detection 
methods are improving (Kippert and Gerloff 2009). 
Drosophila ARM is the homologue of mammalian β-catenin, which is 
required both for cell-cell adhesion and for regulating gene expression during 
development (Conacci-Sorrell et al. 2002). Many other proteins also contain ARM-
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repeats, and all of these are thought to share similar conserved three-dimensional 
structures. A single ARM-repeat consists of three alpha helices (Huber et al. 1997). 
Tandem ARM-repeats fold together and interact extensively with one another to form 
a right-handed superhelix of helices, which creates a surface for protein-protein 
interactions (Huber et al. 1997;	   Conti et al. 1998;	   Daniels et al. 2001;	   Conti and 
Kuriyan 2000). ARM-repeat proteins are structurally related to proteins containing 
tandem HEAT motifs, and the two protein families probably had a common 
phylogenetic origin (Andrade et al. 2001). 
A study (Coates 2003) has showed that there are at least 80 putative proteins 
containing tandem ARM-repeats in Arabidopsis. Searches of the Pfam 
(http://www.sanger.ac.uk/Software/Pfam) and MATDB 
(http://mips.gsf.de/proj/thal/index.html) databases, as well as BLAST searches 
(Altschul et al. 1997) using sequences of known ARM proteins, have enabled them to 
detect theses putative genes. Based on the number of ARM-repeats and the presence 
of other protein domains, these proteins can be classified into several subfamilies. 
Table 1.3 summarizes the detected Arabidopsis proteins containing ARM-repeats. 
The function of importin-α (an ARM protein) is to regulate, through nuclear 
pore complexes, the transport of proteins into the nucleus. Proteins containing nuclear 
localization signals (NLSs) are recognized by the ARM-repeats of importin-α. The 
amino (N)-terminus (non-ARM) region of importin-α binds to importin-β. Importin-α 
can interact with cytoskeletal components, suggesting a way in which nuclear import 
might be regulated. Arabidopsis has three ARM-repeat proteins that are highly likely 
to interact with microtubules, because they possess an N-terminal kinesin domain 
(Reddy and Day 2001). Presumably, the ARM-repeat domain of the Arabidopsis 
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kinesin protein interacts with target proteins, thereby localizing them to microtubules.  
The PHOTOPERIOD RESPONSIVE 1 (PHOR1) protein of potato (Solanum 
tuberosum) possesses seven ARM-repeats located downstream from a U-box motif 
(also referred to as a CPI domain) (Amador et al. 2001). U-box proteins, so called 
because of their homology to S. cerevisiae UFD2, are predicted to be components of 
the cellular ubiquitination machinery, which target proteins for proteolytic 
degradation (Azevedo et al. 2001). PHOR1 was isolated from S. tuberosum ssp. 
andigena potato plants, which shows upregulation in plants grown under short day 
condition (Amador et al. 2001). PHOR1 contains a domain with 7 ARM-repeats with 
structural homology to the Drosophila segment polarity protein armadillo, and its 
human homolog β-catenin. Results indicate that antisense inhibition of PHOR1 
produces a semi dwarf phenotype similar to that of GA-deficient plants, and antisense 
lines show reduced GA responsiveness. The study also showed that GA application 
induces rapid migration of PHOR1-GFP protein to the nucleus. So, PHOR1 appears 
to be a general component of GA signaling pathways that relocalizes to the nucleus in 
the presence of GA. 
Arabidopsis genes that show greatest sequence similarity to Armadillo/β-
catenin are called ARABIDILLO-1 and -2 (Coates et al. 2006). ARABIDILLO-1 and -2 
promote lateral root development. The arabidillo-1/-2 mutants form fewer lateral 
roots, and ARABIDILLO-1 overexpressing lines produce more lateral roots than wild-
type seedlings. ARABIDILLO proteins are nuclear localized. ARABIDILLO proteins 
contain an F-box motif, and thus may target other proteins for proteasomal 
degradation. These results indicate that ARABIDILLO proteins may target an 
inhibitor of lateral root development for degradation and propose that Arabidopsis β-
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catenin-related proteins define a previously uncharacterized pathway that promotes 
root branching. 
The protein Armadillo BTB Arabidopsis protein 1 (ABAP1) was identified 
and characterized as a novel protein that interacts with pre-replication complex (pre-
RC) subunits (Masuda et al. 2008). Overexpression of ABAP1 in plants limited the 
mitotic DNA replication and decreased cell proliferation in leaves, whereas ABAP1 
downregulation increased cell division rates. Hence, the study proposed that ABAP1 
participates in a negative feedback loop regulating mitotic DNA replication during 
leaf development, either by repressing transcription of pre-RC genes and possibly by 
regulating pre-RC utilization through direct association with pre-RC components 
(Masuda et al. 2008). 
 
 









No.	  of	  ARM	  motifs	   Total	  number	  of	  
genes	  
Importin-­‐α 	   N	  ter	   10	   8	  
Kinesin	   N	  ter	   5	   3	  
U-­‐box	   N-­‐ter	   8	   35	  
β-­‐catenin-­‐like	   N-­‐ter	   12	   2	  
HECT	   C-­‐ter	   7	   1	  
BTB/POZ	   C-­‐ter	   7	   1	  
Kinase	   C-­‐ter	   4	   1	  
bZIP	   N-­‐ter	   6	   1	  
LRR	  &	  
Patalin/lipase	  
N-­‐	  &	  C-­‐ter	  resp.	   3	   1	  
C2	   C-­‐ter	   20	   3	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Collectively, we suggest that there are multiple roles for ARM-repeat 
containing proteins in plants. This hypothesis is based on several studies highlighted 
in foregoing literature review that suggests that Armadillo/β-catenin and related 
proteins have important functions during animal and Dictyostelium development, 
regulating cell differentiation, proliferation, and adhesion. Elsewhere, studies from 
Arabidopsis highlight that an ARM-repeat protein ARIA (ARM-repeat protein 
interacting with ABF2) is involved in ABA response and is a positive regulator of 
ABA response (Kim et al. 2004). Another study highlighted that ARM-repeat 
containing proteins exist in plants, but the majority have unknown roles (Coates et al. 
2006).  
Hence, many members of this group of plant proteins containing ARM-repeats 
are yet to be characterized and they may be involved in regulating various plant 
developmental processes including stress response. 
A study in our laboratory had identified global changes in gene expression 
mediated by RGL2, a DELLA protein in the GA signaling pathway. The literature 
review presented above clearly indicates an important role for GA signaling in 
influencing plant response to abiotic and biotic stresses. Hence, we looked for 
possible candidate genes in the microarray data set generated earlier in our laboratory 
(Stamm et al. 2012). From the list of genes significantly affected by RGL2 (and hence 
GA), we identified three genes At5g17960, ERF105 (At5g17960) and At5g38680 
belonging to C1 clan family, AP2/ERF transcription factor family and ARM-repeat 
containing protein family, respectively. The specific objectives of the present study 
were to attempt to characterize the roles played by these genes in stress response by 
Arabidopsis.  
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The objectives of this study were to elucidate the mechanism of three selected 
genes which are involved in plant stress response. The specific objectives and the 
approaches used were:  
1. To functionally characterize At5g17960, containing three domains of the 
C1 clan, by identifying other genes in Arabidopsis, which also contain 
these three conserved domains by multiple sequence alignment and 
phylogenic analysis-based classification of the 73 C1 clan genes. To 
identify putative roles of these 73 C1 clan genes by promoter analysis.  
Other approaches used to achieve these objectives are: studying the 
expression pattern of At5g19760 upon different phytohormone including 
GA, biotic and abiotic stress response. Analysis of the expression of stress-
inducible genes on the transgenic lines with altered expression of 
At5g17960. And finally to study the expression of two other members 
namely At1g35610 and At3g13760 which share close sequence similarity 
with At5g17960 by GA, biotic and abiotic stress response. 
2. To characterize ERF105 (At5g17960) belonging to the B3 subclsuter of 
AP2/ERF family of TFs, by multiple sequence alignment with other close 
homologues. The subobjectives and approaches include: to identify GCC 
binding motif in ERF105 sequence, based on the sequence alignment. To 
perform phytohormone elicitation including GA and stress response by 
both biotic and abiotic stresses. Generating ERF105 transgenic lines with 
altered expression of ERF105 for testing the susceptibility by fungal 
infection. To check the expression of stress-inducible genes in ERF105 
transgenic lines. And finally to check expression of known downstream 
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genes namely PR3 and PDF1.2a involved in AP2/ERF mediated plant 
defense response. 
3. To characterize ARM-repeat containing At5g58680, by identifying the 
position of ARM-repeats in the sequence. The approaches used are: to 
study the gene expression upon phytohormone induction including GA and 
stress conditions like biotic and abiotic stresses. And finally, to generate 
transgenic lines with altered expression of At5g58680 to check 
susceptibility towards fungal pathogen. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 
 








Materials and methods	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2.1 Plant material and growth conditions 
All the Arabidopsis thaliana plants used in this study were in the Columbia 
(Col-0) background. The plants were grown at 22°C at 16h light/8h night conditions.  
 
2.2 Plasmid construction 
2.2.1 Total RNA isolation, reverse transcription 
Total RNA from different organs of a Arabidopsis thaliana ecotype Columbia 
plant was snap frozen in liquid nitrogen in a 2ml Eppendorf tube. Subsequently, all 
tissues were pulverized to a fine powder using sterile pestles in the tube. The ground 
sample was used for total RNA extraction using the QIAGEN RNA extraction kit 
(QIAGEN, Germany) as per manufacturer’s protocol. 
RNA concentration was checked and a minimum of 500-600ng of RNA for 
each sample was used for cDNA synthesis. The cDNA was synthesized using 
Maxima First Strand cDNA Synthesis kit (Thermo Scientific, USA) as per 
manufacturer’s protocol. 
2.2.2 Primer design and PCR amplification 
For gene amplification, primers for the respective DNA fragments with or 
without restriction digestion sites were designed accordingly. The primers used for 
the study are listed in table 2.1. PCR was set up using following the components: to a 
25µl PCR reaction 2µl of cDNA, 2.5µl of 10X PCR buffer, 0.5µl of 10mM dNTPs, 
0.5µl of 10mM forward primer, 0.5µl of 10mM reverse primer, 0.2µl of DNA 
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Table 2.1 List of primers 
 
Gene Name Primer name Primer Sequence (5’-3’) 
At5g58680 
A7 FP CTCGAGATGGCGAATCACAACAGTTTC 
A7 RP AAGCTTTTATCTCTCGTTGTCGTTAGA 
A7 RT FP  TGGAGTCACTGCGGTGTTGAATCT 
A7 RT RP ACCGGAGCAGAGCACAAGCA 
A7 I mIR-s GATAACGAGTATAAAGCCGTCGCTCTCTCTTTTGTATTCC 
A7 I mIR-a GAGCGACGGCTTTATACTCGTTATCAAAGAGAATCAATG 
A7 I mIR-s* GAGCAACGGCTTTATTCTCGTTTTCACAGGTCGTGATATG 
A7 I mIR-a* GAAAACGAGAATAAAGCCGTTGCTCTACATATATATTCCT 
ERF105 
A11 FP CTCGAGATGGCTTCTTCACATCAACAA 
A11 RP AAGCTTTTAAGTAACTACGAGTTGAGA 
A11 RT FP CCACCATCCACCACTGCACCA 
A11 RT RP CCCATGGTCTTCTCCTGACGCC 
A11_ I_mIR GAATCGCAGTTGATCAGCCGTAATCTCTCTTTTGTATTCC 
A11_ II_mIR GATTACGGCTGATCAACTGGCATTCAAAGAGAATCAATGA 
A11-III_mIR GATTCCGGCTGATCATCTGGCATTCACAGGTCGTGATATG 
A11_IV_mIR GAATGCCAGATGATCAGCCGGAATCTACATATATATTCCT 
A11 PRO FP CCG GAA TTC AGCTCT TCT CCG CCT AT 
A11 PRO RP TCC CCC GGG AGA TGA TGA ATT ATG TT 
At5g17960 
A15 FP CTCGAGATGGAAGAGCCTAAGAATATA 
A15 RP AAGCTTCTATAAACATTTTAATAAAAGACA 
A15 INT FP1 TGCACACAAACCAAACCCCC 
A 15 INT RP1 GGACTTTGTCAATGCTATAC 
A15 RT FP TCGTTTGGCTCATCCGACTCATCCT 





At1g35610 3A RT FP ACCGGTTTGATCTTCTACGAAGGCT 3A RT RP TCGGAAGACGGATGAGACGACG 
At3g13760 3B RT FP ACGGTGGAAGTTTTCCGCAACAG 3B RT RP GCCATCTCATGCTGCTCGTAGCC 
PR3 PR3 RT FP TGGTGTTAATCCTGGTGGTAATCT PR3 RT RP ACTAAATAGCAGCTTCGAGGAGG 
PDF1.2a PDF1.2a RT FP TGTAACAACAACGGGAAAATAAACA PDF1.2a RT RP TTTGCTTCCATCATCACCTTTATCT 
COR15A COR15A RT FP CTCAGTTCGTCGTCGTTTC    COR15A RT RP    CATCTGCTAATGCCTCTTT 
RD29A RD29A RT FP   CCAATAAACGTGGACCGACT RD29A RT RP   CTCTCTACGTGGCTATGCGA 
ELIP2 ELIP2 RT FP CCACAGTCTCCTCCTCCA ELIP2 RT RP TGCTAGTCTCCCGTTGATC 
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PCR was performed by denaturation at 94°C for 4min, 35 cycles of  
(denaturation at 94°C for 1min, annealing at 55°C for 30s, and extension at 72°C for 
1min) and extension at 72°C for 10min, with adjustments according to the length of 
fragment and Tm of primers. PCR products were separated on a 1% TAE agarose gel 
containing nucleic acid fluorescent dye. After electrophoresis the appropriate bands 
were excised and PCR products were purified using QIAquick Gel Extraction Kit 
(QIAGEN). 
 
2.2.3 Plasmid construction and clone verification 
The restriction digestion of the DNA fragment was performed as follows: 
purified PCR product or plasmid (around 1μg), 10 × Fermentas Fast digest buffer 
(2.5μl), restriction enzymes 1 and 2 (Fermentas Fast Digest) (0.5μl each), sterile 
ddH2O were added to bring to a final volume of 25μl. The reaction mixtures were 
incubated at 37°C for 30min, and then subjected to agarose gel electrophoresis. The 
bands of interest were excised from the gel and the DNA was extracted using 
QIAquick Gel extraction Kit (QIAGEN). 
The ligation of the digested DNA fragment with the linearized plasmid was 
performed as follows: digested PCR product (up to 7μl), digested plasmid (1μl), 10× 
T4 DNA ligase buffer (1μl), T4 DNA ligase (New England BioLabs) (1μl), sterile 
ddH2O were added to bring to a final volume of 10μl. The reaction mixtures were 
incubated either at RT for 1h or at 16°C overnight. 
The ligation mixture was added to E. coli DH5α competent cells kept on ice. 
The mixture was incubated on ice for 20min; heat shock was applied at 42°C for 90s 
followed by incubation on ice for 2min. 1ml of LB broth was added to the mixture 
and incubated at 37°C for 1h. The cells were then centrifuged at 6000rpm for 4min 
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and the supernatant was discarded. The pellet was resuspended in 100μl of LB broth 
and plated onto the selective LB agar plates (with appropriate antibiotic(s)) and 
incubated at 37°C overnight for the colonies to grow. 
To construct 35S-At5g17960, the coding region of At5g17960 (including stop 
codon) was amplified using primers A15 FP and A15 RP and then digested with 
XhoI/PstI followed by cloning into respective sites of pGREEN-35S vector. To 
construct the amiR, the pJET1.2 clone of At5g17960 was digested with XhoI/SpeI and 
ligated into XhoI/SpeI digested linearized pGREEN-35S vector. 
To construct 35S-ERF105, the coding region of ERF105 was amplified using 
primers A11 FP and A11 RP and digested by XhoI/PstI followed by cloning into 
respective sites of pGREEN-35S vector. To construct the amiR, the pJET clone of 
ERF105 was digested with XhoI/SpeI and ligated into XhoI/SpeI digested pGREEN-
35S vector. To construct ERF105::GFP, the pJET clone of ERF105 (using primer 
A11 Pro FP and A11 Pro RP) (without stop codon) was digested with XhoI/PstI and 
ligated into the corresponding sites of pGREEN-GFP (C-ter) vector. 
To construct 35S-At5g58680, the coding region of At5g58680 (including stop 
codon) was amplified using primers A7 FP and A7 RP and digested by XhoI/PstI 
followed by cloning into the respective sites of pGREEN-35S vector. To construct the 
amiRNA construct the pJET clone of At5g58680 was digested with XhoI/SpeI and 
ligated into XhoI/SpeI digested pGREEN-35S vector. 
To construct artificial microRNAs the primers for cloning were designed 
following the procedure and criteria on the WMD website (Saitou and Nei 1987), 
using the miR319a precursor-containing plasmid pRS300 (Zuckerkandl and Pauling 
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1965) as the template. The final PCR products were cloned to pJET blunt vector; 
positive clones were selected for further study. The sequences of the primers used in 
this study are described in the Table 1, and for the respective genes the names of the 
primers are as follows: 
• At5g17960: A15_I_mIR, A15_II_mIR, A15_III_mIR, A15_IV_mIR,  
• ERF105: A11_ I_mIR, A11_ II_mIR, A11-III_mIR, A11_IV_mIR 
• At5g58680: A7 I mIR-s, A7 I mIR-a, A7 I mIR-s*, A7 I mIR-a* 
To check for positive clones, selected colonies were resuspended in 10µl of 
sterile water. 4µl of the resuspension were used for PCR (as described earlier in this 
section) using specific primer colonies with PCR products of appropriate bands were 
inoculated using the leftover 6µl of diluted colony in 4ml LB medium with 
appropriate antibiotics selection marker. The cultures were incubated overnight at 
37°C with constant shaking. Overnight grown cultures were centrifuged at 8000 rpm 
for 6 min and the bacterial cell pellets were used for plasmid extraction using the 
Wizard® Plus SV Miniprep kit (Promega, USA) according to manufacturer’s protocol. 
 
2.2.4 DNA sequencing 
DNA sequencing was performed by the dideoxy method (Sanger et al. 1977) 
using ABI PRISM BigDyeTM Terminator v3.0 Ready Reaction Cycle Sequencing 
Kit (Applied Biosystems, USA) to check the presence of the gene of interest in the 
putative positive clone. Sequencing amplification profile was: 96°C for 10s, 50°C for 
5s, 60°C - 4min and the cycle was repeated 25 times.  To a 5µl total reaction volume, 
cocktail was prepared with the following components viz. 1µl of 100-200 ng/µl 
purified plasmid, 0.5µl of 10mM primer stock, 2µl BigDyeTM v3.0 and 1.5µl water 
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were added. The primer used for sequencing was chosen according to the gene of 
interest.  
Next the PCR products were transferred to 1.5ml Eppendorf tube and 80µl of 
the precipitation solution consisting of 14.5µl sterile water, 62.5-µl 95% ethanol and 
3µl sodium acetate (3M; pH 4.5) were added and mixed. The tube contents were 
briefly vortexed and incubated at RT for 30min. The contents of the tube were 
centrifuged at 14,000rpm for 20min to precipitate DNA. Following centrifugation the 
supernatants were discarded. To the precipitate 250µl of 70% ethanol were added, 
vortexed and centrifuging at 14,000rpm for 5min. The supernatant was removed and 
the pellet was dried at 60°C for 5min. To the pellet 15µl of Hi-Di Formamide was 
added, vortexed, centrifuged briefly before loading into sequencing plate.  The plate 
was placed in an ABI PRISM® 3100 DNA Sequencer (Applied Biosystems, USA) 
for sequencing. Using the Chromas Lite software 2.01 (Technelysium Pty Ltd) the 
sequence was analyzed.  
 
2.3 Transgenic plant generation 
2.3.1 Agrobacterium transformation  
Competent cells of Agrobacteria tumefaciens GV3101 were transformed with 
plasmid DNA of confirmed clone in 1mm Gene Pulser® cuvettes (Bio-Rad) by 
electroporation at 25µF, 2.5kV, 200Ω. 1ml of LB broth was added to the transformed 
competent cells and incubated for 3h at 28°C. After pelleting by centrifugation at 
8000rpm for 4min, the cell suspension was plated on LB agar plate with rifampicin 
(200µg/ml), kanamycin (10µg/ml), gentamycin (15µg/ml), tetracycline (15µg/ml) and 
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cultured for 2 days at 28°C. The colonies were verified by PCR and the confirmed 
colonies with the transgene were used for floral dipping. 
 
2.3.2 Floral dipping 
Transgenic Arabidopsis plants were generated by floral dipping method with 
some modifications (Clough et al. 1998).  Once the WT Arabidopsis plants were 
ready for floral dipping the confirmed agrobacterium was cultured in 3ml of LB 
substituted with rifampicin (200µg/ml), kanamycin (10µg/ml), gentamycin (15µg/ml), 
tetracycline (15µg/ml) and cultured for 2 days at 28°C. 2ml of this culture were 
inoculate added to 200ml of LB broth rifampicin (200µg/ml), kanamycin (10µg/ml), 
gentamycin (15µg/ml), tetracycline (15µg/ml) and cultured for one day at 28°C at 
200rpm. The culture was pelleted by centrifugation at 4000rpm at 28°C for 15min. 
The pellet was suspended in 200ml solution containing 0.5% MES adjusted to pH 5.7 
and substituted with 2% sucrose solution and 0.02% Silvet L-77. After thorough 
resuspension of this culture in the solution the floral buds of the Arabidopsis plants 
were dipped for 60s and then kept in dark for 12h. The plants were moved to normal 
growth conditions and watering was resumed two days after floral dipping. 
The seeds were collected from T0 plants and later they were grown on soil. 
The putative transgenic seedlings were selected with 0.2% BASTA spray twice with 
ten days interval, after the appearance of first rosette leaf. 
 
2.3.3 Genomic DNA extraction and plant genotyping 
 To screen for putative transgenic plants from the T1 generation, genomic 
DNA was extracted based on Dellaporta method (Dellaporta et al. 1983) followed by 
PCR based screening. One primer specific for the vector backbone and another 
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specific for the transgene was used to check the presence of gene of interest in the 
plant genome. The composition of the Dellaporta buffer was 100mM Tris (pH 8.0), 
50mM EDTA (pH 8.0), 500mM NaCl. After adding 10mM β-ME for every 350µl of 
the buffer, the buffer was incubated at 60°C for 10-15min. The leaf samples were 
ground using pestles and pre-heated buffer were added to Eppendorf. The ground 
samples were incubated at 60°C for 15min with intermittent vortexing. 125µl of 
potassium acetate (KOAc) was added, vortexed and samples were incubated on ice 
for 5-10min. Subsequently, the samples were centrifuged at 14000rpm for 8min at 
room temperature and the supernatant was transferred to a new Eppendorf. To the 
supernatant 900µl of 100% ethanol was added, mixed and incubated on ice for 30min. 
The pellet was air-dried and following which 40µl of sterile water were added and the 
pellet was resuspended. 
The seeds from the plants containing the transgene, as confirmed by PCR, 
were each collected separately. The seeds were sown and the seedlings were selected 
by BASAT followed by PCR based genotyping. From T2 plants seeds were 
subsequently collected from one plant per independent transgenic line. The seeds 
were sown in soil and the seedlings were sprayed with BASTA and subsequently 
screened by PCR based genotyping. The seeds from T3 generation plants were used 
for further analysis.  
 
2.4 GFP localization 
2.4.1 Protoplast isolation, transfection and confocal microscopy 
The	  Yoo et al. (2007) protocol was followed for protoplast isolation with some 
modifications. Transfection was performed by PEG-calcium method with minor 
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adjustments. Protoplasts were pelleted at 200x g for 3min. The transfection time was 
increased to 20 to 30min. Chlorophyll autofluorescence was detected with a channel 
configured with a high pass filter at 650nm. For detecting GFP signal, samples were 
excited at 488nm, and one channel was configured between 505 and 530nm. Confocal 
microscopic images were obtained using a Carl Zeiss Axiovert 200M confocal laser 
microscope (http://www.zeiss.de/axiovert200).   
2.5 Stress and phytohormone treatment 
2.5.1 Surface sterilization and seedling growth in liquid MS media 
In an Eppendorf tube, dry seeds were soaked in 500µl of water for 4 days and 
incubated at 4°C. After 4 days the water was discarded. They were then treated with 
70% (v/v) ethanol for 2min followed by 10% (v/v) commercial Clorox bleach for 
5min.  The seeds were washed with water 4 times to remove ethanol and bleach. 
About 10-15 surface sterilized seeds were added to 50ml Falcon tubes containing 
10ml of liquid MS medium. 
The liquid MS was prepared using 0.44g MS, 2% glucose and the volume 
made up to 100ml with MilliQ water and pH adjusted to 5.7. This liquid MS was used 
for growing the seeds. The tubes containing the seeds were incubated in a tissue 
culture room set at 22°C with 24h constant white light and grown for 12 days on a 
shaker set at 90rpm. 
2.5.2   Phytohormone and stress treatments 
Hormone and stress treatments on Arabidopsis seedlings were performed as 
described before (Libault et al. 2007). For GA3, MeJA and SA, 1M stock in 100% 
ethanol was prepared. For ACC 100µl were prepared in sterile ddH2O. The stocks 
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were stored at -20°C. 10µl of phytohormone from the stock solution were used for 
hormonal assay. Ethanol (for GA3, MeJA and SA) was used as control for mock 
treatment. 12-day-old seedlings grown on liquid MS and on 12th day they were treated 
with respective hormone for the desired time period.  
For salt stress treatment, seedlings were treated with 200mM NaCl or H2O (as 
the mock), respectively. For drought treatment, seedlings were left in the laminar flow 
hood for 20min for dehydration, followed by incubation in MS liquid for desired time 
period. For UV irradiation treatment, seedlings were exposed to UV light (30W/cm2) 
for 10min and then incubated in liquid MS for the desired time period. For cold 
treatment, they were incubated at 10°C for the desired time period. Total RNA was 
extracted from whole seedlings at different time points. All experiments were 
repeated at least three times, and the qRT-PCR results were shown as the mean ± 
standard deviation. 
2.5.3   Chitin suspension preparation and treatment 
Shrimp shell chitin (Sigma Aldrich C9752) was pulverized to fine powder 
using mortar and pestle. It was suspended in sterile water at 100mg/ml concentration 
and the mixture was kept in magnetic stirrer overnight. The suspension was filtered 
through a double-layered muslin cloth and the filtrate was filtered using a 0.2µm 
filter. The final filtrate was stored in -20°C for further use. Chitin concentration at 
10mg/L was used for this study as this concentration showed maximum elicitation 
(Zhang et al. 2002). Seedlings were treated with 10mg/L concentration and incubated 
further as per the required time period. Mock samples were treated with sterile water 
as control. 
 
2.5.4   Alternaria culturing and infection 
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Alternaria brassicicola was a kind gift from Prof Jayashankar, University of 
Geulph, Canada. The Alternaria was grown on PDA medium for 12 days under 
constant light. Subsequently the plates were stored at 4°C. A spore suspension was 
prepared by gently scrubbing the surface of the PDA plate containing the Alternaria 
culture using sterile water with 1% Tween. The spore suspension was filtered through 
double-layered muslin cloth. Using a hemocytometer the concentration of the spore 
suspension was determined and adjusted to 2×105 spores/ml. The leaves were excised 
from the plants and after puncturing with a syringe needle 0.5μl droplets of the spore 
suspension (2×105/ml) were placed on the leaf and they were incubated at room 
temperature under high humidity in a petri dish with moist filter paper. The leaf 
infection was carried out over three days. Pictures were taken one-day post infection 
(dpi) and three dpi. 
 
 
2.6 Quantitative real-time PCR 
2.6.1 RNA extraction and cDNA synthesis 
12-day-old light grown seedlings after phytohormone or stress treatment were 
snap frozen in liquid nitrogen and RNA extraction was done using TRIzol® reagent 
(Life Technologies, USA) according to manufacturer’s protocol. The cDNA was 
synthesized as per the protocol described in section 2.2.1. 
2.6.2 Quantitative real-time PCR 
The qRT-PCR analyses were performed using “StepOneTM Real-Time PCR 
Systems” and analyzed using the “StepOneTM Software” (v2.1; Applied Biosystems). 
The qRT-PCR conditions were as follows: denaturation at 95°C for 10min, followed 
by 40 cycles of denaturation at 95°C for 15s and annealing/extension at 60°C for 
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1min. The cDNA was diluted 5X and each reaction was set up in technical duplicates. 
The composition of the PCR reaction was: 3.6µl water, 1µl cDNA, 0.2µl of each 
primer and 5µl of “KAPA SYBR®FAST qPCR Kit” (KAPA Biosystems). The 
amplification of TUB2 gene was used as an internal control. The threshold cycle (CT) 
value was automatically calculated based on the changes in fluorescence of SYBR 
Green dye in every cycle monitored by the system software. Using TUB2 as an 
example, the difference between the cycle threshold (Ct) of the target gene and the Ct 
of TUB2 (ΔCt = Ct target gene – Ct tubulin) was used to obtain the normalized 
expression of target genes, which correspond to 2-ΔCt. The experiment was confirmed 
by another biological replicate.  The specificity of real-time primers was evaluated by 
examining the plot of dissociation curve for any abnormal amplification or bimodal 
dissociation curve. 
2.7 Bioinformatics tools 
2.7.1 General bioinformatics tools 
The BLAST search was against the NCBI database. The ClustalW2 program 
was used for multiple sequence analysis 
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Protein domain analysis was 
performed using Pfam 24.0 (Higo et al. 1999). NEB cutter 
(http://tools.neb.com/NEBcutter2/) was used for restriction map analysis and for 
primer designing (Davuluri et al. 2003) was used. 
 
2.7.2 Identification of genes containing C1 domains 
The identification of genes containing all the five C1 domains for all the 
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available plant genomes was performed using the Pfam id (Yilmaz et al. 2011) in the 
PLAZA database (Tamura et al. 2011).  
 
2.7.3 Extraction of full-length cDNA sequence and sequence alignment 
The extraction of full-length cDNA sequences of 73 genes containing C1_2, 
C1_3 and ZZ/PHD type domain was done using the TAIR 
(http://www.arabidopsis.org/) database. The ClustalW2 program was used for 
multiple sequence analysis (Bowers et al. 2003) of all the 73 genes. 
2.7.4 Sequence and phylogenetic analysis based on C1_2, C1_3 and ZZ/PHD type 
domain 
A multiple alignment analysis was performed with ClustalW2 to find out the 
regions of conservation among the 73 genes. Phylogenetic tree from 73 amino acid 
sequences was constructed with MEGA v5.0 (Tamura et al. 2011) using the neighbor-
joining (NJ) method (Saitou and Nei 1987) and Poission correction method 
(Zuckerkandl  and Pauling 1965). The protein weight matrix used was BLOSUM. All 
positions containing gaps and missing data were eliminated. The tree depicted nine 
major subgroups of genes.  
 
2.7.5 Identification of conserved domains 
Consensus sequences for the conserved three domains such as C1_2, C1_3 
and ZZ/PHD type were detected by multiple alignment analyses using ClustalW2. It 
was again verified by detecting the consensus motifs by MEME version 4.9.0. 
(Nilsson et al. 2007)  known protein domains, a functional site prediction tool was 
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used at the Eukaryotic Linear Motif resource for Functional Sites in Proteins (ELM) 
(Allan et al. 2008). 
 
2.7.6 Chromosome mapping 
The chromosome mapping was performed using the Chromosome map tool: 
https://www.arabidopsis.org/jsp/ChromosomeMap/tool.jsp (Cominelli and Tonelli 
2009). 
2.7.7 Extraction of promoter sequences 
The promoter sequences of the 73 genes covering the [-1000 to +200] regions 
relative to the experimentally validated transcription start site were extracted from our 
in-house rice promoter sequence database. 
	  
2.7.8	  Bioinformatics	  tool	  for	  motif	  detection	  	  
Promoter sequence motifs corresponding to previously identified or putative 
cis-elements (section 2.7.7) were detected by the Dragon Motif Builder program with 
EM2 option (Stracke et al. 2001) similar to our previous detection (Katiyar et al. 
2012); (Seo et al. 2009). Thirty motifs having length 8-10 nucleotides were detected 
with a threshold value of 0.875.  
 
2.7.9 Biological analysis of motifs and identification of putative TFs 
Motifs were selected having more than 50% occurrence/presence at a 
threshold e value of ≤10-3 among the promoter set investigated. The biological 
significance of these motifs was verified by their presence in Transcription Factor 
Binding databases such as TRANSFAC (Matys et al. 2003); (Stracke et al. 2001) 
PLACE database (Yang et al. 2012) (Martínez-García and Quail 1999) and AGRIS 
(Guan et al. 2009); (Rubio-Somoza et al. 2006); (Gubler et al. 1999). The percentage 
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occurrences of all motifs belonging to the same TF family were added up to find out 
the total motif enrichment score. 
 
2.7.10 Measurement of chlorotic lesions 
ImageJ software (http://rsbweb.nih.gov/ij/) was used to quantify the area of 
chlorosis in 3dpi leaves. The area of chlorosis of transgenic leaves (both ectopic 
expression and knockdown lines) was divided by WT area. The resulting values were 
plotted against WT.  
 




















Functional characterization of At5g17960  
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3.1 Background  
 
Various proteins with specialized domains are involved in regulating plant 
growth and development. The role of protein domains in the regulation of plant 
immune response has been well studied (Atkinson and Urwin 2012). In Arabidopsis, 
proteins rich in cysteine residues have been classified into C1 clan (Punta et al. 2012). 
C1 clan share sequence similarity with the N-terminal conserved region of protein 
kinase C (PKC) called C1 section. This C1 section of PKC contains a tandem repeat 
of cysteine-rich sequence (Azzi et al. 1992). C1 clan comprises of five unique protein 
domains that are rich in cysteine residues. The role of these cysteine rich proteins has 
not been well characterized except a few. A study has shown that when tobacco BY-2 
cells were elicited by fungal cell wall glucan two genes were induced namely 
NtDC1A and NtDC1B immediatly and strongly (Shinya et al. 2007). However, their 
precise regulatory roles could not be identified. Another study has identified a CHP-
rich (cysteine, histidine, and proline rich) zinc finger protein family gene called 
TaCHP from bread wheat (Triticum aestivum) containing three C1-domains, which 
enhance abiotic stress tolerance in plants (Li et al. 2010). One study in Arabidopsis 
has shown that ULI3, which contains one C1-domain, is involved in UV-B-mediated 
signal transduction (Suesslin and Frohnmeyer 2003). These different studies suggest 
that protein domains rich in cysteine might be involved in mediating or regulating 
stress response. From an earlier microarray study in our lab, while screening for novel 
stress responsive genes we identified that At5g17960, which has high sequence 
similarity to C1 clan genes. Since members of this clan play key roles in abiotic stress 
response we chose to further study this novel yet uncharacterized gene. The focus of 
this study was to functionally characterize At5g17960 by employing various 
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bioinformatics tools and functional characterization of transgenic lines with altered 
expression of At5g17960. 
 
 3.2 Bioinformatics analysis of C1 clan members in Arabidopsis 
thaliana 
 
Our study of At5g17960 has shown that it contains three unique cysteine-rich 
signature domains namely C1_2, C1_3 and ZZ/PHD type belonging to C1 clan.  C1 
clan members in Arabidopsis are uncharacterized, so we used bioinformatics 
approach to identify and characterize this clan. To identify the number of C1 clan 
members with unique signature domain in the Arabidopsis thaliana genome, Pfam 
domain id was identified (Table 3.1). Along with Pfam the Interpro id was used as a 
reference for initial characterization (Table 3.1). The Pfam id was used as a reference 




































Table 3.1 Pfam and InterPro names of five different C1 clan domains (Modified from 







 C1_1 C1_2/ DC1 C1_3/ C1-
like 









IPR002219 IPR004146 IPR011424 IPR004595 IPR001965 
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Database search indicated that At5g17960 contains three signature domains 
conserved in the C1 clan namely C1_2/DC1 (PF03107), C1_3/C1-like (PF07649) and 
ZZ/PHD type (PF00569). Hence, we focused our work to identify other genes in 
Arabidopsis thaliana, which contain these three unique domains. Using publicly 
available database called PLAZA we performed the search as described in Materials 
and Methods section 2.7.2. Through the search, we identified 73 C1 clan genes in 
Arabidopsis thaliana genome. To understand divergence of these domains in other 
plant species, we performed a comparison study of different C1 clan members using 
PLAZA database (Table 3.2). Among the five C1 clan domains, the ZZ type of 
domain was present in relatively more number in comparison to the C1_4 domain. 



































Table 3.2 Summary of C1 clan members present in different plant species  
 
 C1_1 C1_2 C1_3 C1_4 ZZ type 
Arabidposis thaliana 63 136 145 1 163 
Oryza sativa japonica 13 2 14 1 84 
Medicago trancatula 3 4 7 1 71 
Vitis vinifera 5 1 5 1 71 
Zea mays 6 - 7 1 107 
Volvox carteri 1 - - 1 22 
Brachypodium distachyon 3 1 - 1 82 
Populus trichocarpa 22 24 33 1 116 
Sorghum bicolor 7 2 7 1 93 
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3.3 Phylogenetic relationship between 73 C1 clan genes in Arabidopsis 
thaliana 
 
The full-length cDNA coding sequence of all the 73 C1 clan genes were 
retrieved as described in Materials and Methods section 2.7.3. Using ClustalW2 all 
the 73 full-length cDNA coding sequences were aligned. The appendix Fig A, Fig B 
and Fig C show the results obtained from multiple sequence alignment. The 73 C1 
clan genes containing all three unique domains of our interest are uncharacterized. A 
method to predict their putative function is by performing phylogenetic analysis. If 
these 73 C1 clan genes were related by sequence similarity and some of these 
members are functionally characterized, we could predict their putative function. To 
test this hypothesis, we developed a phylogenetic tree containing these 73 genes using 
methods described in Materials and Methods section 2.8.4. Multiple sequence 
alignment of all the 73 C1 clan genes were performed, and the sequences were 
extracted using the TAIR database (Materials and Methods section 2.8.4). Fig 3.2 
describes the rooted circular phylogenetic tree containing all the 73 C1 clan genes. 
Furthermore, the phylogenetic tree also highlights the classification of genes based on 
sequence similarity. Closely related genes were grouped together based on common 













Fig 3.1 Rooted circular phylogenetic tree of 73 genes of C1 clan. The tree was 
constructed with the neighbor-joining method (Saitou and Nei 1987) and poisson 
correction (Zuckerkandl and Pauling 1965) of three C1 clan domains namely 
C1_2/DC1, C1_3/C1-like and ZZ/PHD type in Arabidopsis thaliana. The 
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3.4 Subgrouping of 73 genes of C1 clan based on sequence similarity 
To study further, we classified these genes into different subgroups based on 
common parental nodes shared by each subgroup. By employing this strategy we 
could classify the 73 genes of C1 clan into nine distinct subgroups (Fig 3.2). The gene 
of our interest, At5g17960 was classified into the subgroup IV along with four other 
genes namely At1g35610, At3g13760, At3g11385 and At3g9120. The largest 
subgroup (with the most number of genes) was the subgroup VIII with 18 genes, 
followed by the subgroup I with 13 genes, followed by the subgroup III with 12 
genes, followed by the subgroup II with 9 genes, followed by the subgroup V with 7 
genes, followed by the subgroup IV and VI containing 5 genes each, followed by the 
subgroup VII containing 3 genes and the last subgroup was IX with two genes (Fig 
3.2). As all the 73 C1 clan genes contain three unique signature domains, it could be 
possible that they perform similar function. Since, all the 73 C1 clan genes are 
uncharacterized, it was important to functionally characterize some of the genes to 
understand their functions.  
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Fig 3.2 Linear rooted phylogenetic tree of 73 C1 clan genes. These 73 genes are 
grouped into 9 subgroups. At5g17960 belongs to the subgroup IV along with four 





























































































	  	   58	  
3.5 Identification of the conserved domains C1_2, C1_3 and ZZ/PHD 
type 
 
After classifying the genes according to the sequence similarity, we performed 
further bioinformatics analysis to identify the conserved sequence of the three 
domains based on the coding regions of the 73 C1 clan genes. The protocol for 
deriving the consensus sequence is described in Materials and Methods section 2.7.5.  
Fig 3.3 shows the consensus sequence derived from the ELM software tool. 
The X-axis refers to the position of amino acid and the Y-axis depicts the degree of 
consensus based on the size of amino acid i.e. the larger the size of amino acid 
symbol the more conserved it is. Based on this we identified the consensus sequence 
of the C1_2 domain from amino acid position 1-29 (Fig 3.3 A), in total 29 amino 
acid. The consensus sequence for the domain C1_3 was from amino acid position 26- 
to 52 (Fig 3.3 B), in total 27 amino acid. And for the ZZ/PHD type the consensus 
sequence started at amino acid position 2 and ended at position 60 (Fig 3.3 C), in total 
59 amino acids for ZZ/PHD type. 
Based on the multiple sequence alignment we derived the following consensus 
sequences for the three domains (Fig 3.3) which is described below: 
C1_2 : CX2CX12CX2CX8C  - 29 amino acids 
 
C1_3 : CX2CX11CX2CX7C – 27 amino acids 
 


































































































































































































































































































































































































































































































































































   ZZ/PHD type consensus sequence: CX2CX11CX2CX7CX28CX2C 
 
Fig 3.3 Consensus sequence of domains C1_2, C1_3 and ZZ/PHD type. (A) The 
C1_2 consensus sequence is from amino acid 1-29, in total 29aa, (B) The C1_3 the 
consensus sequence is from amino acid 26 -52, in total 27aa, (C) The ZZ/PHD type 
the consensus sequence is from amino acid 2-60, in total 59aa. The derived consensus 
sequence is shown below each diagram. 
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3.6 Chromosome mapping of the 73 C1 clan genes in Arabidopsis 
 
To understand the evolution and divergence of the 73 C1 clan genes, we 
mapped them on the chromosomes of Arabidopsis thaliana using the TAIR online 
software as described in Materials and Methods section 2.7.6 (Stockinger et al. 1997). 
Early studies have identified that A. thaliana genome has undergone several rounds of 
genome-wide duplication events like polyploidy (Bowers et al. 2003; Blanc et al. 
2003; Vision et al. 2000; Nakano et al. 2006). These events had great impact on the 
amplification of gene family members in the genome. We localized the 73 C1 clan 
genes in five chromosome of A. thaliana (Fig 3.4). Our results showed that these 
genes were distributed all over the chromosomes. At5g17960 was present on the short 
arm of chromosome 5, but compared to other chromosomal arm the density of 
distribution of the C1 clan genes was the least along the upper arm of Chromosome 1. 
This study showed the divergence of distribution of 73 C1 clan genes containing the 





























Fig 3.4 The location of the 73 C1 clan genes containing C1_2, C1_3 and ZZ/PHD 
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3.7 Promoter analysis of the 73 C1 clan genes in Arabidopsis thaliana  
 
Since the functions of these 73 C1 clan genes are unknown, we used 
bioinformatics tools to predict the most vital putative factors that may function as a 
major regulator of these genes. Based on the conserved motifs present in the promoter 
sequences of the 73 C1 clan genes, we predicted the transcription factors (TFs) that 
bind to the motifs. Since the roles of many of these TFs are known we can predict the 
possible genetic pathways of these genes. We predicted major patterns of cis-
elements/motifs distribution with potential significance in the promoters [-1000, +200 
relative to TSS] of these genes to understand the nature of transcriptional regulation. 
The protocol was as described in the Materials and Methods sections 2.7.7, 2.7.8 and 
2.7.9) and the various TF-binding motifs along the promoters are described below. 
 
3.7.1 Distribution of putative cis-elements among the promoters of 73 
C1 clan genes  
 The cis-elements/motifs associated with different TFs were detected in the 
promoters of the 73 C1 clan genes having three different domains viz. C1_2, C1_3 
and PHD/ZZ type belonging to the C1 clan of Arabidopsis. We detected highly 
enriched motifs that are related to several classes of elements associated with families 
of TFs such as MYB, bZIP, ERF, ARF, DOF, WRKY (SUSIBA2) and NAC (Table 
3.3). Many of these are known to be present in GA-induced or stress-mediated genes. 
Besides these, motifs associated with bHLH, WRKY, RNFG1 and GAGA-binding 
factor were also significantly represented.  The total enrichment scores for each class 
of TF are presented in Table 3.3. Based on these, the possible roles of the predicted 
TFs are discussed in subsequent sections. Further, we hoped to be able to identify 
common pathways where these TFs may be functioning, which will indirectly help in 
	  	   64	  
predicting putative functions for the selected C1 clan genes that can be tested in 
future. Among the various promoter motifs identified, we chose to highlight the well-
known TF-binding promoter motfs reported to occur in genes that are induced by GA 
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Table 3.3 Enrichment of putative cis-elements in promoters of 73 C1 clan genes 
 







score** AT-­‐hook/PE1	  element-­‐like	  	   AAAAATTA	  	  TTGTTTTTTT	  TTTTTTCCA	  TAGTTTTT	  CTTTTTTTTT	  AAAAATTA	  TTTTTTGA	  AAAAATATTA	  	  
MYB	  (PF1)	  MYB	  (PF1)	  MYB	  (PF1)	  MYB	  (PF1)	  MYB	  (PF1)	  MYB	  (PF1)	  MYB	  (PF1)	  MYB	  (PF1)	  
81 (13.27), 1e-003 
73 (14.87), 1e-004 
70 (13.52), 9e-004 
67 (13.23), 3e-004 
66 (17.49), 1e-004 
60 (13.62), 2e-005 
60 (15.06), 3e-004 
56 (15.23), 3e-004	  
533 
GT-­‐element-­‐like	   TTTGTTTTA	  TAGTTTTT	  CTTTTTTTTT	  ATGTGAAA	  AAACCATG	  
MYB	  (GT-­‐3b)	  MYB	  (GT-­‐1)	  MYB	  (GT-­‐1/GT-­‐3b)	  MYB	  (GT-­‐1)	  MYB	  (GT-­‐1)	  	  
71 (13.45), 3e-003 
67 (13.23), 3e-004 
66 (17.49), 1e-004 
66 (13.11), 3e-005 
52 (12.91), 2e-004	  
322 
GARE-­‐like	   TTGTTTTTTT	  TTTGTTTTA	  AACAATTA	  	  
MYB	  (R1,	  R2R3)	  MYB	  (R1,	  R2R3)	  MYB	  (R1,	  R2R3)	   73 (14.87), 1e-004 71 (13.45), 3e-003 62 (13.00), 2e-004 206 Pyrimidine	  box-­‐like	   TTTTTTCCA	  CTTTTTTTTT	   MYB	  (R1,	  R2R3)	  MYB	  (R1,	  R2R3)	   70 (13.52), 9e-004 66 (17.49), 1e-004 	   136 Myb-­‐box-­‐like	   AAACCATG	  TAGTTTTT	   MYB	  (R2R3)	  MYB	  (R2R3)	  	   52 (12.91), 2e-004 67 (13.23), 3e-004 119 TATA-­‐element	  	   ATAAATAT	  TATAATAA	  AACATTAAA	  AAAAATATTA	  GTATAATA	  
TBP	  TBP	  TBP	  TBP	  TBP	  	  
70 (13.72), 2e-004 
66 (14.04), 4e-004 
59 (13.97), 6e-005 
56 (15.23), 3e-004 
55 (12.86), 6e-005	  
306 
As1/Ocs/TGA-­‐like	   ACATGATTA	  ATGTGAAA	  TTTTTTGA	  TATATGAA	  
bZIP	  (Groups	  D,	  I,	  S)	  bZIP	  (Groups	  D,	  I,	  S)	  bZIP	  (Groups	  D,	  I,	  S)	  bZIP	  (Groups	  D,	  I,	  S)	  
79 (12.37), 4e-004 
66 (13.11), 3e-005 
60 (13.62), 2e-005 
55 (13.83), 2e-004 	  
260 
JA	  response	  element-­‐like	   ACATGATTA	  TTTTTTGA	  TATATGAA	  TCAAAATTT	  	  
ERF	  (Gr.	  VI,	  VIII,	  IX)	  ERF	  (Gr.	  VI,	  VIII,	  IX)	  ERF	  (Gr.	  VI,	  VIII,	  IX)	  ERF	  (Gr.	  VI,	  VIII,	  IX)	  
79 (12.37), 4e-004 
60 (13.62), 2e-005 
55 (13.83), 2e-004 
51 (14.07), 3e-004 	  
245 
AuxRE-­‐like	   TTGTTTTTTT	  TTTGTTTTA	  TATATGAA	   ARF1	  ARF1	  ARF1	  	  
73 (14.87), 1e-004 
71 (13.45), 3e-003 
55 (13.83), 2e-004	   199 AAAG	  element-­‐like	  	   TCTTTCACC	  CTTTTTTTTT	   DOF1,	  DOF2	  DOF1/DOF4/DOF11/	  DOF22	  	  
71 (12.17), 3e-004 
66 (17.49), 1e-004 	   137 Sucrose	  Responsive	  Element	  (SURE)-­‐like	  	   GAAGAAAA	  AAAAATTG	   WRKY	  (SUSIBA2)	  WRKY	  (SUSIBA2)	  	   	   74 (13.66), 2e-004 59 (13.32), 9e-005	   131 ERD1-­‐like	   ATGTGAAA	  AAAAATTG	   NAC	  NAC	   66 (13.11), 3e-005 59 (13.32), 9e-005	   125 ARR10-­‐binding	  element-­‐like	  	   ACATGATTA	   ARRB	  (ARR10)	   79 (12.37), 4e-004 	   79 
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W-­‐box-­‐like	   TTTTTTGA	   WRKY	  (WRKY	  18)	   60 (13.62), 2e-005 	   60 RNFG1	  binding	  site-­‐like	  	  	   TCCATCGA	   RNFG1	  	  	   53 (11.08), 8e-005	   53 GAGA-­‐like	   	   TTCTCATA	   GAGA-­‐Binding	  factor	   52 (13.34), 6e-004	   52 
 
*% = percent occurrence among all 73 C1 clan genes, TIC = total information content 
of homology, E-value = E-value of homology with promoter database entry  
**Total motif enrichment score = sum of the % occurrences of all motif species 
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3.7.2 MYB family of factors 
MYB family represents the largest class of TFs in plants and plays a major 
role in plant development, hormone signal transduction and responses to different 
abiotic and biotic stresses (Nilsson et al. 2007); (Allan et al. 2008); (Cominelli and 
Tonelli 2009).  
It comprises three subfamilies such as R1-MYB/MYB-like family, R2R3-MYB-
like family and MYB3R family (Stracke et al. 2001). Many R2R3 genes have been 
shown to be involved in regulating different abiotic stresses such as cold, drought, 
salinity and ABA response mechanism. Many members of MYB are shown to be 
upregulated in responses to various abiotic stresses in both rice and Arabidopsis 
(Katiyar et al. 2012).  An R2R3-type MYB TF, AtMYB96 is involved in regulating 
drought stress conditions by integrating ABA and auxin signals (Seo et al. 2009). 
MYB is also involved in the regulation of cold stress in both rice and Arabidopsis 
(Stracke et al. 2001; Yang et al. 2012). 
We have detected highly enriched motifs such as AT-hook/PE1-like, GT-element-
like, GARE-like, Pyrimidine-box-like and Myb-box-like elements among the MYB-
associated cis-elements (Table 3.3). These elements were the most highly enriched 
motifs detected among all motifs associated to different TFs. AT-hook/PE1-like 
elements associated with TFs MYB (PF1) are involved in catalyzing enhanced 
binding of cognate transcriptional regulators to these elements via DNA binding 
(Martínez-García and Quail 1999) and GT-elements associated with GT factors 
involved in plant morphogenesis (Guan et al. 2009). GARE-like and Pyrimidine-box-
like elements associated with Myb (R1, R2R3) transcription factor are highly 
involved in GA regulated gene expression (Rubio-Somoza et al. 2006).  The GAMyb 
TF was first identified as an activator of GA-regulated genes in barley aleurone 
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(Gubler et al. 1999). The high enrichment of GARE-like (score=206) and Pyrimidine-
box-like elements (score=136) implied that the 73 genes belonging to the C1 clan 
domains of Arabidopsis thaliana could be involved in GA-regulated gene expression. 
Similarly the high enrichment of Myb-box-like elements (score=119) associated with 
TF MYB (R2R3) predicted the possible role of this unknown group of genes in 
response to cold, salinity and ABA response mechanism. 
 
3.7.3 bZIP family of factors 
 Members of bZIP family TFs are known to be involved in pathogen defense, 
ABA response and light and stress signalling (Jakoby et al. 2002). This family has 75 
distinct members in Arabidopsis, of which ∼50 are not described in the literature and 
they are subdivided into ten groups  based on common domains (Jakoby et al. 2002). 
The as1/ocs/TGA elements are key regulatory components involved in different 
abiotic and biotic stresses such as auxin, salicylic acid and jasmonic acid mediated 
gene expression in response to wounding, oxidative stress and pathogen response 
(Orozco-Cárdenas et al. 2001; Schiermeyer et al. 2003; Zhang et al. 2003; Chung and 
Parish 2008). 
The as1/ocs/TGA-like elements associated with bZIP (Groups D, I, S) TF were 
the most predominant motifs detected in the promoters of 73 genes belonging to the 
C1 clan domain of Arabidopsis (Table 3.3).  The total enrichment score for this motif 
was 260. The high enrichment of this group of bZIP TF revealed the important role of 
as1/ocs/TGA-like elements in response to pathogen defense via auxin, salicylic acid 
and jasmonic acid signaling pathway and also in photomorphogenesis. In addition, 
these motifs could also play major role in response to cold stress. 
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3.7.4 ERF family of factors 
ERF family, a part of the AP2/ERF TF group is a well-studied large gene family 
(Riechmannet al. 2000). It is again divided into two major subfamilies, namely ERF 
and CBF/DREB subfamilies (Sakuma et al. 2002). The ERF subfamily belonging to 
group VI, VIII, IX represents a large family of TFs involved in responses to diseases, 
wounding and elicitors such as ethylene, salicylic acid and jasmonic acid. Most of 
them possess either GCC box or JA-response element (Fujimoto et al. 2000; McGrath 
et al. 2005; Pre et al. 2008).  
JA response element-like elements associated with the TF ERF belonging to the 
groups VI, VIII, IX were also highly enriched (the total enrichment score=245) in the 
promoters of genes belonging to the C1 clan family studied here (Table 3.3). The high 
enrichment of this particular motif signifies the possible involvement of this group of 
TF in response to disease and wounding.  
 
3.7.5 ARF family of factors 
Auxin response factors or ARFs bind specifically to auxin response elements 
(AuxREs) and are involved in auxin-regulated gene expression for plant growth and 
developmental processes (Ulmasov et al. 1997; Guilfoyle et al. 1998; Okushima et al. 
2005; Guilfoyle and Hagen, 2007) as well as in crosstalk between auxin and abiotic 
stress response mechanism (Suikang et al. 2010). 
 The presence of Aux-RE-like motifs associated with ARF1 TF could be 
directly involved in the general growth and development of Arabidopsis, but 
indirectly involved in the crosstalk between auxin and abiotic stress signaling 
pathways. 
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3.7.6 DOF family of factors 
 DOF TFs is a class of plant specific zinc finger domain proteins that bind to 
a 5'-T/AAAAG-3' core sequence and is involved in the regulation of gene expression 
in seed germination, gibberellin response in post-germinating aleurone, auxin 
response and plant defense mechanisms (Riechmann et al. 2000; Lijavetzky et al. 
2003).  
 Significant occurrence of AAAG/AAAAG element (137) among the 73 C1 
clan genes examined (Table 3.3) indicates their possible involvement in GA/auxin 
/plant defense response mechanism. 
 
3.7.7 WRKY (SUSIBA2) family of factors 
WRKY (SUSIBA2: sugar signaling in barley) TF family belongs to the WRKY 
proteins and is shown to bind to SURE and W-box elements (Chen et al. 2010). This 
group of TF is involved in the regulation of starch synthesis and carbohydrate 
anabolism (Sun et al. 2003).  
We found the SURE like-element (Table 3.3) to be significantly conserved among 
73 C1 clan genes with total enrichment score of 131. They could be involved in the 
regulation of starch synthesis related to stress conditions. 
3.7.8 NAC family of factors 
 NAC (NAM, ATAF1/2, CUC2) family of TFs is among largest gene families 
in plants (Rushton et al. 2008). They are known to be involved in the regulation of 
developmental processes and stress responses in both model plants and agronomically 
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important crops (Olsen et al. 2005; Jensen et al. 2007; Yoshiyama et al. 2009). The 
key roles of NAC in relation to stress mainly involves responses to drought, disease 
response via salicylic acid and jasmonic acid and abiotic stress responses via ABA 
(Tran et al. 2004; Lin et al. 2007; Nakashima et al. 2007; Bu et al. 2008; Bu et al. 
2009; Zheng et al. 2009).  
 We have detected a significant occurrence of ERD-1-like (early-responsive-to 
dehydration-1) motifs associated with NAC TF in the promoters of the 73 C1 clan 
genes examined.  The total enrichment score of 125 reveals the potential role in the 
regulation of abiotic and biotic stress conditions for atleast several members of the C1 
clan genes. 
 
3.7.9 WRKY (18) family of factors 
WRKY TF family functions as an important regulator of biotic stress conditions 
such as defense against pathogens and herbivores via salicylic acid and jasmonic acid 
signaling pathways as well as abiotic stresses such as drought, cold, heat, salt, sugar 
starvation, osmotic and UV stresses (Skibbe et al. 2000; Zhou et al. 2008; Zhiang et al. 
2009; Song et al. 2009; Chen et al. 2010, Chen et al. 2011). This group of TFs has a 
positive effect on plant ABA sensitivity for inhibition of seed germination and root 
growth. Arabidopsis WRKY18, WRKY40, and WRKY60 transcription factors are 
known to be involved in defense responses (Chen et al. 2010).  However, the detailed 
role in response to abiotic stress for many of these is not clearly known 
(Ramamoorthy et al. 2008).  
 W-box-like elements associated with WRKY (WRKY 18) TF are moderately 
found (score=60) in the promoters of the 73 C1 clan genes and they could be playing 
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a major role in defense against pathogens (Table 3.3) (Skibbe et al. 2000; Zhou et al. 
2008; Zhiang et al. 2009; Song et al. 2009). 
 
3.7.10 ARRB family of factors 
 ARRB family of  TFs are mainly known to be involved in regulation of 
primary root development, anthocyanin metabolic process and cytokinin signalling 
pathway (Argyros et al. 2008).  ARR1, ARR10 and ARR12 together are suggested to 
be involved in the regulation of cytokinin signal transduction pathway in Arabidopsis 
(Ishida et al. 2008). The moderate detection of ARR10 motifs (score=79) in our 
detection signifies its possible role in cytokinin signaling pathway (Table 3.3).  
 
3.7.11 RNFG1 family of factors 
 RNFG1 is one of two Rice Nuclear Factors required for phloem-specific gene 
expression of Rice Tungro Bacilliform Virus (RTBV) (Yin and Beachy, 1995; Yin et 
al, 1997). The presence of RNFG1 binding site (score=53) in the promoters could 
suggest involvement in symptom development of rice tungro viral disease in 
Arabidopsis (Table 3.3). 
 
3.8 Tissue-specific expression of At5g17960 in Arabidopsis 
 
Using qRT-PCR analysis, the transcript levels of At5g17960 was checked to 
study the tissue-specific expression pattern from three-week-old plants. The highest 
expression of the transcripts was in root and inflorescence axis (referred to as stem) 
(Fig 3.5). Expression was also significantly high in flowers. Expression was also 
observed in silique, rosette leaf and imbibed seeds. This indicated that At5g17960 is 
ubiquitous in expression. This data is mostly consistent with similar results available 
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in public database at www.bar.utoronto.ca/efp/cgi-bin/efpweb.cgi. In Fig 3.6 the 
numbers above each bar indicates the average fold-change in reference to the rosette 





















































Fig 3.5 Tissue-specific expression of At5g51190. Expression was high in roots and 
inflorescence axis stem. Rosette leaf was used as reference. The number above each 
bar indicates the fold-change in the transcripts in comparison to transcripts in rosette 
leaf. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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3.9 Biotic stress response of At5g51190 in Arabidopsis 
 
By analyzing the significant putative cis-elements/motifs present in the 
promoter of these 73 C1 clan genes, we could predict that these genes were likely be 
involved in stress response mechanism. Based on this finding, we hypothesized that 
upon chitin elicitation the transcript levels of At5g17960 should alter. Furthermore a 
study has shown that when tobacco BY-2 cells were elicited by fungal cell wall 
glucan treatment, two genes namely NtDC1A and NtDC1B were induced early and 
strongly but their precise regulatory role could not be identified (Shinya et al. 2007). 
NtDC1A and NtDC1B contain the C1_3 domain. This strongly suggested that 
At5g17960 containing three domains of the C1 clan including C1_3 would likely be 
elicited by chitin a fungal cell wall polysaccharide.  
Based on this hypothesis, we performed chitin elicitation assay on the WT-Col 
seedlings, grown in MS medium under continuous light for 12 days. The protocol was 
as described in Materials and Methods section 2.5.3. In the WT-Col genetic 
background At5g17960 was induced very rapidly and within 20min of elicitation by 
chitin (Fig 3.6). The transcript levels increased more than 11-fold when compared to 
0min, but dropped after 30min. This indicated that At5g17960 would likely be 
induced fairly early by fungal infection and hence a role in biotic stress response 
could be attributed to this gene. 	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  Fig	   3.6	   Chitin	   elicitation	   assay	   of	   At5g51190.	   Assay	   showed	   significant	  upregulation	   of	   the	   At5g51190	   transcripts	   at	   20min	   in	   12-­‐day-­‐old	   WT-­‐Col	  seedlings.	  
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
expression. Values are the mean +/- standard deviation of three biological and two 
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3.10 Changes in transcript levels of At5g17960 upon abiotic stress 
treatment 
 
A previous study has shown that a wheat protein called TaCHP from bread 
wheat (Triticum aestivum) contains three C1 domains belonging to a CHP-rich 
(cysteine, histidine, and proline rich) zinc finger protein family that enhances abiotic 
stress tolerance in wheat (Li et al. 2010). Since At5g17960 is elicited by chitin and our 
preliminary hypothesis based on promoter analysis showed that, most of the 73 C1 
clan genes might respond to both biotic and abiotic stresses, we performed various 
abiotic stress treatments on the WT-Col seedlings and checked the transcript levels of 
At5g17960. To achieve this, 12-day-old WT-Col seedlings were exposed to various 
stress conditions like UV irradiation, drought, cold and salinity as per the protocol 
described in Materials and Methods section 2.5.2. 
More than 6-fold increase in the transcript levels was observed at 60min in 
comparison to 0min (Fig 3.7 A). And after 60min the transcript levels dropped. When 
the seedlings were exposed to drought condition, the difference in the transcript levels 
was more than 13-fold (Fig 3.7 B). This showed strong induction in At5g17960 
transcripts upon drought stress. Salt stress was also performed at 200µM 
concentration. 3-fold change in the transcript levels was observed at 30 min (Fig 3.7 
C), indicating that salinity stress induced the expression of At5g17960.  
Since a previous study has shown that in Arabidopsis, ULI3, containing one 
C1-domain, is involved in UV-B mediated signal transduction (Suesslin and 
Frohnmeyer 2003), we wanted to study whether At5g17960 which contains three 
domains of the C1 clan would be induced by UV irradiation. To test this hypothesis, 
the seedlings were exposed to UV irradiation for 10min as per the protocol. More than 
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12-fold changes in the transcript levels were observed upon UV irradiation treatment 
when compared to 0 min (Fig 3.7 D).  
All these data strongly suggested that At5g17960 was induced by abiotic 
stresses such as cold, drought, salinity and UV irradiation. Our results are in 
correlation with studies which showed that regulation of plant defense response by 
abiotic diverse stress conditions could be mediated by various phytohormones 
(Anderson et al. 2004; Fujimoto et al. 2000; Shinozaki and Yamaguchi-Shinozaki 























Fig 3.7 Significant changes were observed in the At5g51190 transcript levels upon 
abiotic stress treatment.  
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
expression. Values are the mean +/- standard deviation of three biological and two 
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3.11 Regulation of At5g17960 in response to phytohormone induction 
 
Phytohormones play diverse roles in plant growth and development. As shown 
by previous experiments, At5g17960 could be induced by both biotic and abiotic 
stresses. The role of phytohormones in regulating this defense response has been 
studied widely (Anderson et al. 2004; Fujimoto et al. 2000; Shinozaki et al. 2003; 
Huang et al. 2008). The plant hormones ABA, JA and ethylene are involved in 
diverse plant processes, including the regulation of gene expression during adaptive 
responses to abiotic and biotic stresses (Atkinson and Urwin 2012). 
 Based on our promoter analysis, we found significant enrichment of TFs, 
which are regulated by GA3. Also TFs responding to ethylene were enriched. So it 
would be quite highly likely that At5g17960 would respond to GA3 and ethylene. As 
At5g17960 is induced by both biotic and abiotic stresses, phytohormones like MeJA 
and SA, which are known inducers of plant stress response (Anderson et al. 2004; 
Lorenzo et al. 2003) may also regulate transcript levels of At5g17960. To test this 
hypothesis, we subjected 12-day-old WT-Col seedlings to various phytohormone 
elicitations as described in the Materials and Methods protocol section 2.5.2. To 
understand whether GA3 regulates At5g17960 or not seedlings were induced with 
GA3. qRT-PCR expression analyses showed that the transcript levels of At5g17960 
increased 16-fold after 30 min of induction in comparison to 0 min (Fig 3.8 A). This 
experiment proved that At5g17960 was GA3-induced.  
The seedlings were also exposed to ACC (10µM), which is an ethylene 
precursor. More than 3-fold induction in the transcript levels was observed at 30min. 
And after 60min the transcript levels further increased (Fig 3.8 B). This indicated that 
At5g17960 was induced by ethylene. Seedlings were treated with SA (10µM) and 
MeJA (10µM) at different time points. Upon SA treatment the transcript levels 
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increased by 14-fold at 60min (Fig 3.78 C) and upon MeJA treatment 7-fold increase 
in the transcript levels was observed at 30min (Fig 3.8 D). These data suggested that 
At5g17960 was induced by stress-induced phytohormones SA and MeJA. 
These data were consistent with previous studies, which showed significant 
changes in gene expression when plants were exposed to phytohormones, which 
regulate stress response (Fujimoto et al. 2000; Shinozaki et al. 2003; Huang et al. 
2008). This implied that At5g17960 was involved in plant defense response, as GA, 
ethylene, SA and MeJA phytohormones induced it and this phytohormone elicitation 
data were consistent with our promoter analysis data. Since At5g17960 has not been 




















 Fig	   3.8	   At5g17960	   was	   significantly	   upregualted	   by	   phytohormones.	   This	  suggested	   that	   At5g18960	   regulation	   could	   be	   controlled	   by	   various	  phytohormones.	  
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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3.12 Artificial microRNA-mediated silencing of At5g17960 and 35S 
promoter-driven ectopic expression of At5g17960 
 
To investigate the biological role of At5g17960 in Arabidopsis, we first 
attempted to locate insertion mutants from public resources. Since mutants in the 
coding region were not available for distribution although some were listed, we 
generated knockdown lines for At5g17960. amiRNA-At5g17960 transgenic plants that 
overexpressed the artificial microRNA specifically targeting At5g17960 were 
generated. In the T3 generation we obtained 10 independent transformants, and all of 
them were phenotypically similar.  Since At5g17960 is highly expressed in rosette 
leaves, total RNA was isolated from the leaves of 20-day-old transgenic plants, 
followed by reverse transcription and quantitative qRT-PCR analyses. The expression 
of At5g17960 was significantly downregulated in most of the selected amiRNA-
At5g17960 transformants, indicating the gene At5g17960 was silenced in amiRNA-
At5g17960 transgenic plants (Fig. 3.9 A). The transgenic lines, 1-1 (hereafter referred 
to as amiRNA-At5g17960 1-1) and 7-1 (hereafter referred to as amiRNA-At5g17960 7-
1) in which the transcript levels were downregulated more than 9- and 4- fold, 
respectively (Fig 3.9 A), were chosen for further molecular characterization.  
For more characterization studies, we also generated 35S::At5g17960 
transgenic plants and obtained 7 independent lines at the T3 generation. Like 
amiRNA knockdown lines, none of the overexpression lines showed any abnormal 
phenotype under normal growth conditions. The gene was overexpressed in all the 
lines and the transgenic line 5-1 (hereafter referred to as 35S::At5g17960 5-1) and 9-1 
(hereafter referred to as 35S::At5g17960 9-1) in which the At5g17960 transcript levels 
were upregulated by more than 14000- and 18000-fold, respectively (Fig 3.9 B),  
were chosen for further molecular characterization. Under normal growth conditions 
no phenotypic changes were observed in the transgenic plants. One possible 
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explanation was that the redundancy between the different members of subgroup IV, 































Fig 3.9 Expression of At5g17960 transcripts in transgenic plants. 
 
A Transcript levels of At5g17960 were significantly decreased in the leaves of 8 
selected amiRNA-At5g17960 independent lines in the T3 generation. 
 
B Transcript levels of At5g17960 were significantly upregulated in the leaves of 7 
selected 35S-At5g17960 independent lines in the T3 generation. 
 
Transcript levels in A and B were determined by qRT-PCR and are shown relative to 
TUB2 expression. Values are the mean +/- standard deviation of three biological and 
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3.13 Regulation of At5g17960 upon biotic stress mediated by 
Alternaria brassicicola  
 
Since chitin elicitation assay induced the transcript levels of At5g17960 
significantly, transgenic plants with altered expression of At5g17960 should also 
show changes upon Alternaria brassicicola infection. To test this hypothesis, we 
performed fungal elicitation by infecting the leaves of WT-Col and transgenic lines 
with plant pathogenic fungi Alternaria species as per the protocol described in 
Materials and Methods section 2.5.4. Chlorotic lesions were quantified using protocol 
in section 2.8.10. The chlorotic lesions seen in the ectopic expression lines were more 
severe as compared to the amiRNA knockdown lines at 3dpi (Fig 3.10 A). In the Fig 
3.10 B, the level of chlorosis was measured for each leaf and compared to the WT 
leaf at 3dpi.  These results were consistent with our previous experiments where we 
observed induction in the transcript levels of At5g17960 upon biotic or abiotic stress 
conditions. This strongly indicated that by altering At5g17960, plants became either 
more susceptible or resistant to fungal infection, suggesting its involvement in fungal 
response. WT-Col leaves showed necrotic lesions, which included chlorosis around 
the infected area. But, 35S::At5g17960 1-1 showed reduced levels of chlorosis 
compared to those of WT-Col leaves. In the amiRNA-At5g17960 12-1 line, chlorosis 
was delayed when compared to WT-Col leaves. Between 35S::At5g17960 1-1 and 
amiRNA-At5g17960 12-1, the level of chlorosis was less severe in the amiRNA 
knockdown line. Table 3.4 summarizes the comparison of the leaves that developed 
chlorosis versus leaves that did not show chlorosis at 3dpi. More leaves of ectopic 
expression lines showed chlorotic lesions in comparison with leaves from the 
knockdown plants. This indicated and further confirmed the hypothesis that 
At5g17960 is induced by biotic stress. 







Fig 3.10 Leaf infection assay on the transgenic leaves of At5g17960 using Alternaria 
brassicicola.  
A Leaves from 1dpi and 3dpi were compared. More severe chlorotic lesions were 
seen in ectopic expression plants in comparison to the At5g17960 knockdown plants. 
B Chlorotic lesions developed in At5g17960 transgenic leaves were plotted against 
WT leaves at 3dpi. Ectopic expression leaves showed more chlorotic lesions in 
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3.14 Expression of stress-responsive genes in the transgenic lines of 
At5g17960 
 
Our results from quantitative qRT-PCR data presented so far indicated that 
At5g17960 was induced by both biotic and abiotic stresses. Proteins have been 
characterized which are induced by specific stress responses. COR15A and RD29A 
are well-characterized stress-responsive marker genes. The DREB1 TF regulates 
these genes by binding to the C-repeat/DRE DNA regulatory element in the promoter 
region (Stockinger et al. 1997). We showed earlier that At5g17960 was induced by 
various abiotic stress conditions like cold, drought, UV irradiation and salinity. So, 
we selected four well-characterized stress-inducible marker genes for this study. 
These four genes were COR15A, RD29A, DREB2A and ELIP2. ELIP2 is the early-
light inducible gene and has been studied as UV-induced marker gene (Adamska et al. 
1992). The protocol for various abiotic stress treatments was as described in Materials 
and Methods section 2.5.2. 
Expression of COR15A transcripts in At5g17960 transgenic seedlings was 
checked. In comparison to WT-Col, the At5g17960 knockdown lines showed reduced 
transcript levels in all the three different time points (Fig 3.11 A). This suggested that 
silencing of At5g17960 downregulated the expression of COR15A. But in ectopic 
expression plants the transcripts of At5g17960 was induced by 2-fold at 180min (Fig 
3.11 A). These results might suggest that At5g17960 likely regulates the expression of 
COR15A. 
  The levels of DREB2A were checked in transgenic seedlings upon salinity 
stress. Strong induction seen at 60min in the knockdown seedlings, which was almost 
double the level of induction in the WT seedlings (Fig 3.11 B). In the ectopic 
expression plants significant upregulation was seen at 60min, but the increase in 
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expression in comparison to knockdown lines, the transcript levels were lower by 
about 40% (Fig 3.11 B). This indicates that changing the expression levels of 
At5g17960 the expression of DREB2A is altered significantly.  
Upon drought stress we checked the transcript levels of RD29A in the 
transgenic seedlings. More than 70-fold upregulation of RD29A was seen in the 
knockdown lines at 20min (Fig 3.11 C). In the ectopic expression lines more than 10-
fold change in the transcripts were seen at 20 min and 30 min (Fig 3.11 C). But the 
increases were less than 50% of that in the amiRNA line. 
Upon treatment by UV irradiation, the transcript levels of ELIP2 were induced 
in the WT at 60 min (Fig 3.11 D). In the knockdown lines the expression of ELIP2 
was downregulated. In the ectopic expression seedlings the transcript levels were 
similar to knockdown seedlings (Fig 3.11 D). Based on these results we concluded 
that by UV irradiation, levels of ELIP2 were downregulated, suggesting that 
At5g17960 regulated ELIP2 expression.  
In conclusion these results indicated that altering the levels of At5g17960 
changed the expression of different stress responsive marker genes, suggesting that 
















Fig 3.11 Changes in transcript levels of different stress responsive marker genes. 
Abiotic stress treatment in transgenic lines with altered expression of At5g17960 in 
comparisons to WT-Col seedlings. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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3.15 qRT-PCR analysis of the other members of the subgroup IV  
 
Since At5g17960 is induced by stress, it is quite likely that other members of 
the subgroup IV could be involved in stress response (Fig 3.2). To check this 
hypothesis we treated 12-day-old WT-Col seedlings with different biotic and abiotic 
stress treatments as per the protocol mentioned in Materials and Methods section 
2.5.2. By qRT-PCR analysis, the transcript levels of two other members of the 
subgroup IV namely At1g35610 and At3g13760 were checked.  
 
3.15.1 qRT-PCR analysis of At1g35610 transcripts 
Transcript levels of At1g35610 upon GA3 treatment were checked, since by 
promoter analysis of 73 genes including At1g35610 we found significant enrichment 
of GA regulated TFs. We observed 1.8-fold upregulation of At1g35610 transcripts at 
30min in comparison to 0min (Fig 3.12 A). This confirmed that GA3 induced 
At1g35610. When we treated the seedlings with chitin, we found 3-fold upregulation 
of the At1g35610 transcripts at 20min (Fig 3.12 B). This indicated that At1g35610 
responded to biotic stress. 
Since an earlier report has shown that in Arabidopsis ULI3, which contains 
one C1 domain, is involved in UV-B mediated signal transduction	   (Suesslin and 
Frohnmeyer 2003), we checked whether At1g35610 could also be induced by UV 
irradiation as it also contains three C1 domains. We found 2.5-fold induction of 
At1g35610 transcripts at 30min (Fig 3.12 C). This indicated that At1g35610 
responded to UV irradiation. 
Upon drought induction we observed more than 5-fold induction of 
At1g35610 transcripts at 20min (Fig 3.12 D). And upon cold treatment we observed 
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1.8-fold upregulation at 30min. (Fig 3.12 E). This suggested that At1g35610 was 
induced by both drought and cold treatments. 
 Collectively, these experiments clearly indicated that another member of the 
subgroup IV viz. At1g35610 was GA-regulated and induced by both biotic and abiotic 
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Fig 3.12 Changes in the transcript levels of At1g35610. Changes were observed upon 
GA3 and stress treatments. These showed that At1g35610, a member of the subgroup 
IV was involved in GA-induced gene expression and was also involved in both biotic 
and abiotic stress responses. 	  
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 


























































































E	  	  	  	  	  	  	  	  	  	  Cold	  (10°C)	  	  	  
Mock	  
Cold	  
	  	   94	  
3.15.2 qRT-PCR analysis of At3g13760 transcripts 
 
As discussed earlier in the promoter analysis we saw significant enrichment of 
GA-induced and stress-induced TFs including At3g13760 gene. So it is quite likely 
that At3g13760 may also respond to GA and stress induction. As a member of the 
subgroup IV the transcript levels of At3g13760 was studied when induced by GA and 
stress treatments. 
Upon GA3 treatment no change in the trascripts was observed (Fig 3.13 A). 
This was in contrast to transcript induction which we observed for At5g17960 and 
At1g35610. However, when  WT-Col seedlings were elicited by chitin we observed 
more than two-fold increase in the transcript levels at 30min (Fig 3.13 B). This 
indicated that At3g13760 was induced by bitoic stress, which was similar to the chitin 
mediated changes in the trascripts of At5g17960 and At1g35610.  
When we checked the transcripts of At3g13760 upon UV irradiation 3-fold 
change at 30min was observed (Fig 3.13 C). This was consistent with the other 
members of subgroup IV namely At5g17960 and At1g35610. This confirmed that UV 
irradiation induced transcript levels of three genes in the subgroup IV. Upon drought 
stress we observed 0.5-fold increase at 30 min post induction (Fig 3.13 D). Similarly 
upon cold treatment we observed 0.5-fold change in the transcript levels of 
At3g13760 (Fig 3.13 E).  
Collectively, we showed that two other members of the subgroup IV are GA-
induced and also responded to stress treatment. So it was quite likely that other 
members of the subgroup IV sharing high sequence similarity might perform similar 
function upon stress treatment.  
As these are uncharacterized genes, it could be speculated that these are 
redundant and could possibly explain why the chlorotic lesions observed after 
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Alternaria sp. infection was not severe in 35S::At5g17960 1-1 and amiRNA-
At5g17960 12-1 transgenic plants. As these five genes also share three C1 clan 






















Fig 3.13 Changes in the transcript levels of At3g13760. Changes were observed upon 
GA and stress treamtents. These showed that At3g13760, a member of the subgroup 
IV was involved in GA3-induced gene expression and is also involved in both biotic 
and abiotic stress response. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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3.16 General Discussion 
 
The regulation of plant defense response upon various biotic and abiotic stress 
factors is mediated by different phytohormones (De Vos et al. 2005). The role of 
protein domains in regulating the defense response is well characterized (Atkinson 
and Urwin 2012). The focus of this part of the study was to characterize At5g17960 
which contains three unique signature domains namely C1_2, C1_3 and ZZ/PHD 
type. We like to highlight that our study was the first characterization of 73 C1 
domain genes in Arabidopsis. 
 We began our study by identifying genes in Arabidopsis, which contain all 
the three domains. We identified 73 C1 clan genes in Arabidopsis genome (Table 
3.2). By this study we characterized this novel group of plant protein family. The C1 
clan domains namely C1_1, C1_2, C1_3, C1_4 and ZZ/PHD type contain cysteine 
rich residues. Analysis for the presence of the C1 clan domains in Arabidopsis 
thaliana identified 183 genes containing either one or more of the conserved domains. 
We searched for other available plant genomes and identified number of genes 
containing the three domains of our interest (Table 3.2).  
Since this was the first study to characterize the C1 clan proteins in plants, we 
identified other proteins in Arabidopsis in addition to At5g17960 that contain C1_2, 
C1_3 and ZZ/PHD type domain. Genes containing these three domains were present 
in all the plant genomes we analyzed. Among the three domains ZZ/PHD type was 
present in more number of genes than other domains. By multiple sequence alignment 
we concluded that the consensus sequence of ZZ/PHD type domain was the longest 
with 60 amino acid residues, while C1_2 and C1_3 had 29 amino acid residues each 
(Fig 3.4). Interestingly, we could detect only one gene in each plant species with 
C1_4 domain. In the rice genome, we could not identify a gene, which contained all 
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three of the distinct signature domains, namely, C1_2, C1_3 and ZZ/PHD type.  So 
from our preliminary characterization study we identified 73 C1 clan genes in 
Arabidopsis, which contain the three conserved domains.  
Furthermore, we studied the 73 C1 clan genes by phylogenetic analysis (Fig 
3.2). For the ease of further study and characterization, we classified these 73 C1 clan 
genes into 9 distinct subgroups (Fig 3.2). At5g17960 belongs to the subgroup IV 
along with four other genes. Furthermore, by chromosomal mapping we compared the 
density of distribution of the C1 clan genes in the five chromosomes of Arabidopsis 
thaliana. The density of distribution of the 73 C1 clan genes was reasonably equal, 
except in the small arm of chromosome 1 (Fig 3.4). In conclusion, from this 
bioinformatics study, we classified and subgrouped the uncharacterized 73 C1 clan 
genes in Arabidopsis. Characterization of such large number of genes sharing three 
different domains could provide us valuable information in terms of sequence 
similarity and also their putative function. Such phylogenetic analysis of large number 
of genes sharing conserved domains has been performed earlier for AP2/ERF TFs, 
which helped to predict the function of AP2/ERF genes based on sequence similarity 
(Nakano et al. 2006). 
Promoter cis-element/motif analysis of 73 C1 clan genes showed significant 
enrichment of GA3-regulated motifs (Table 3.3). This indicateed that these 73 C1 clan 
genes containing the three unique domains were quite likely to be regulated by GA. 
Furthermore, we also observed significant enrichment of motifs associated with 
various TFs that were stress induced like DOF, WRKY, MYB, ARF, NAC, GAGA 
among others. Since we identified At5g17960 along with other genes that were 
affected by RGL2 from a microarray data, the enrichment of GA-regulated 
transcription factor was noteworthy. Similarly, by employing promoter analysis the 
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putative roles of some other uncharacterized genes have been predicted (Mohanty et 
al. 2012). Moreover, a study has demonstrated that GA-DELLA pathway has a role in 
mediating the flg22-induced growth response (Navarro et al. 2008). This is consistent 
with our promoter analysis data, which showed enrichment of TF-binding domains 
such as, DOF, NAC, WRKY-18, RNFG1, many of which are involved in plant 
defense response (Riechmann et al. 2000; Tan et al, 2004; Skibbe et al. 2000; Yin and 
Beachy 1995). Furthermore, we also identified TF-binding motifs that were involved 
in mediating other phytohormone (MeJA, SA, ethylene) signaling like ERF, ARF, 
ARRB among others.  In conclusion by promoter analysis study, we have identified 
putative roles of these 73 C1 clan genes in: (1) GA-, MeJA-, SA- and ethylene-
mediated gene regulation; and (2) that they were likely to be involved in both abiotic 
and biotic stress responses in plants. Such information on the group (gene family) 
may provide leads on future experiments of functional characterization of the selected 
family members. 
Since these 73 C1 clan genes might be regulated by various phytohormones 
and are induced by stress response, as a preliminary functional characterization we 
checked transcript levels of At5g17960 upon biotic and abiotic stress treatments.  
To test the results obtained from promoter analysis we exposed WT seedlings 
to biotic stress to confirm whether At5g17960 was induced by biotic stress. We saw 
upregulation of At5g17960 transcripts upon chitin induction (Fig 3.6). This implied 
that At5g17960 was indeed induced by biotic stress response. To further confirm our 
results, amiRNA::At5g17960 and 35S::At5g17960 transgenic lines were generated for 
functional characterization (Fig 3.9). Although morphologically no phenotypic 
difference were seen, amiRNA::At5g17960 were more resistant and 35S::At5g17960 
were more sensitive to Alternaria-mediated biotic stress (Fig 3.10), implying that 
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At5g17960 played an important role in mediating plant response to biotic stress. 
Furthermore, two C1_3 domain containing genes from tobacco NtDC1A and NtDC1B 
were reported to be induced by Alternaria with early and strong induction but their 
precise regulatory role could not be identified (Shinya et al. 2007). Similarly, based 
on our biotic stress assay we proved that At5g17960 was involved in plant defense 
response. 
By abiotic stress treatment (cold, drought, salinity and UV irradiation), the 
transcript levels of At5g17960 were upregulated by more than 3-folds (Fig 3.7). Our 
findings from the promoter analysis, showed that these 73 C1 clan genes were 
regulated by stress conditions and this prompted us to check the transcript levels of 
At5g17960 in response to abiotic stresses. Also, our data on UV irradiation mediated 
upregulation of At5g17960 was consistent with another study in Arabidopsis, which 
showed that ULI3, which contains one C1-domain, is involved in UV-B mediated 
signal transduction (Suesslin and Frohnmeyer 2003). Collectively, our findings 
suggested that C1 domains were involved in abiotic stress mediated defense response.  
By our study we also showed that the transcript levels of At5g17960 was 
significantly upregulated by different phytohormones namely GA, MEJA, Ethylene 
and SA (Fig 3.8). We also proved that At5g17960 was mediated by abiotic stress 
response (Fig 3.7). A study has showed that key signal transduction pathway is 
activated in response to combined biotic and abiotic stress response (Fig 1.1) 
(Atkinson and Urwin 2012). It was quite likely that At5g17960 might be one of the 
converging points where both biotic and abiotic signals converged, thereby regulating 
the further downstream target genes. Some of the putative downstream target genes, 
which are involved in regulating plant defense response, were significantly affected in 
chitin induced transgenic lines with altered expression of At5g17960 (Fig 3.11). This 
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implied that At5g17960 was one of the upstream regulator proteins mediating plant 
defense responses by a mechanism, which has not been characterized yet.  
The gene At1g35610, belonging to the subgroup IV was induced by both 
biotic and abiotic stresses (Fig 3.12); and also by GA3 (Fig 3.12). The transcript levels 
of another member of the subgroup IV, At3g13760 were significantly changed upon 
biotic and abiotic stresses (Fig 3.13), but no significant change in transcripts was seen 
upon GA treatment. These data collectively showed that other members of the 
subgroup IV namely At1g35610 and At3g13760 were also involved in regulating plant 
defense response along with At5g17960.  As shown in an earlier study, genes 
belonging to the same subgroup perform similar function, for example the B3 
subcluster of AP2/ERF family (Nakano et al. 2006). We speculated that since 
At5g17960 shared high sequence similarity based on the phylogenetic classification 
(Fig 3.2), other members of the subgroup IV might perform similar functions. Our 
results suggested that the genes belonging to the subgroup IV collectively participated 
in plant defense response and perhaps they might perform redundant functions as 
well. Furthermore, we did not observe any morphological changes in plants grown 
under normal growth conditions. Since we observed changes in the leaves upon 
Alternaria infection, it was important to study the overall phenotypic changes when 
the plants were exposed to biotic and abiotic stresses. 
Collectively, we have shown from our study that At5g17960 and two other 
members namely At1g35610 and At3g13760 were GA3–regulated and are stress 
induced. Promoter analysis showed that multiple phytohormones regulated TFs that 
bound to the motifs present in the promoter of the 73 C1 clan genes. Our studies have 
showed a strong correlation of C1 clan members in plant defense response.  The 
promoter analysis also suggested high enrichment of TFs involved in stress response. 
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Since At5g17960 was GA3 induced, GA3-mediated regulation of At5g17960 and 
others members of the subgroup could be one possible mechanism. GA promotes 
growth by stimulating destruction of the growth-repressing DELLA proteins. 
DELLAs promote survival in adverse environments. A study has shown that 
Arabidopsis DELLAs cause ROS levels to remain low after either biotic or abiotic 
stress, thus delaying cell death and promoting tolerance (Achard et al. 2008). The 
study further proposes that environmental variability regulates DELLA activity and 
that DELLAs in turn couple the downstream regulation of plant growth and stress 
tolerance through modulation of ROS levels. Finally, we concluded that At5g17960 
and other members of the subgroup should be considered for further study to better 
























Characterization of At5g51190 
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4.1 Background 
 
Studies have shown that AP2/ERF TFs have been implicated in hormone, 
sugar and redox signaling in the context of abiotic stresses such as cold and drought 
(Dietz et al. 2010). Detailed expression profile studies support for a role for AP2/ERF 
family members in development and in response to environmental stimuli, and 
suggested a foundation for future functional analysis of this gene family (Feng et al. 
2005). The expressions of several AP2/ERF genes are regulated by plant hormones, 
such as jasmonic acid, salicylic acid and ethylene, as well as by pathogen challenge 
(Gutterson and Reuber 2004). In the AP2/ERF TFs classification, 17 genes containing 
one AP2/ERF domain and sharing high sequence similarity were classified into B3 
subcluster (Sakuma et al. 2002). One member of this B3 subcluster ERF1 has been 
shown to act downstream of the intersection between ethylene and jasmonate 
pathway’s and suggesting that this TF is a key element in the integration of both 
signals for the regulation of defense response genes (Lorenzo et al. 2003). Another 
member of this subgroup ERF104 is induced by ethylene and fungal pathogen 
(Bethke et al. 2009). A study concludes that AP2/ERFs are factors that respond to 
extracellular signals to modulate GCC box-mediated gene expression positively or 
negatively (Fujimoto et al. 2000). Some of the members of the B3 subcluster are still 
uncharacterized like ERF105. Based on a previous study in our lab (Stamm et al. 
2012), we selected a few genes mediated by GA and from this list of genes we chose 
to characterize ERF105.  
4.2 Tissue-specific expression of At5g51190 (ERF105) in Arabidopsis 
 
To study the tissue-specific expression of ERF105 in WT-Col, transcript 
analysis was performed by quantitative qRT-PCR. The gene appeared to be expressed 
in all the tissues examined. The highest expression level of the transcripts was in 
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inflorescence axis stems followed by roots (Fig 4.1). Transcripts from the leaves were 
used as the reference sample. The expression in the silique was similar to that in 
rosette leaf. But in the imbibed seeds the expression was 19-fold higher as compared 
to leaf. This data is mostly consistent with similar results available in public database 
at www.bar.utoronto.ca/efp/cgi-bin/efpweb.cgi. The Fig 4.1 shows the relative 
















































Fig 4.1 The tissue-specific expression of ERF105 (At5g51190) was high in the 
inflorescence axis stem. Rosette leaf was used as reference. The number above each 
bar indicates the fold change in the transcripts in comparison to transcripts in rosette 
leaf. 
 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 





































	  	   107	  
4.3 Sequence similarity with other close homologues in B3 subcluster  
 
According to the classification of the AP2/ERF domains containing TFs, 
ERF105 was classified under the B3 subcluster (Sakuma et al. 2002). As a result of 
sequence similarity of ERF105 with the other closest members of this subcluster we 
found that At5g61600 (ERF104) shared the highest sequence similarity with ERF105 
at 55%. While the similarity with ERF5 and ERF6 were 52% and 47%, respectively 
(Fig 4.2). The similarity with ERF106 and ERF107 were less than 20%. Given that 
microbial elicitor elicits ERF104, and ERF104 is involved in plant defense response 
(Bethke et al. 2009) we could speculate a similar function for ERF105 as it shared 
55% sequence similarity (Fig 4.2). This strongly indicated that ERF105 could be 
involved in plant defense response. Furthermore, upon sequence analysis, we did not 
find any EAR motif (LXLXL or DLNXXP) which acted as repressors of defense 





















Fig 4.2 Phylogenetic relationship among a few members of the B3 subcluster. 
ERF105 has the highest similarity with ERF104 at 55%, suggesting that ERF105 

















	   	  
	  	   	  
AtERF5	  52% AtERF6	  47% AtERF104	  55% 
AtERF105 AtERF106	  14% AtERF107	  13% 
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There are in total 17 members belonging to the B3 subcluster of AP2/ERF 
gene family. A study has shown that expression levels of all these members are 
upregualted by about 2-fold by MeJA or A. brassicicola infection (Gutterson and 
Reuber 2004). This suggests that all the members of the B3 subcluster could be 
involved in plant defense response. A study by another group on these AP2/ERF 
containing TFs suggests that these TFs act as activators or repressors of the GCC box-
mediated gene expression (Fujimoto et al. 2000). They also claim that all members of 
the B3 subcluster perform similar function, namely that they have regulatory roles in 
disease resistance. As they perform similar function upon ectopic expression, these 
members of B3 subcluster non-specifically activate genes containing GCC-box 
(Gutterson and Reuber 2004). These preliminary bioinformatics sequence similarity 
data suggested that ERF105 might be involved in plant defense response by binding 
to the GCC-box containing genes which in turn regulated plant defense response.  
 




Multiple sequence alignment with other known AP2/ERF domain-containing 
genes, which were functionally characterized, was performed. The region binding to 
the GCC-box in the AP2/ERF domain-containing genes has been identified (Fujimoto 
et al. 2000). Upon multiple sequence alignment we found high sequence similarity in 
the ERF domain of all the respective protein sequences along with ERF105 (Fig 4.3). 
We derived a consensus sequence based on the multiple sequence alignment. Based 
on previous characterization study (Fujimoto et al. 2000) we could locate the amino 
acid residues that are involved in binding to the GCC-box and these amino acid 
residues were also well conserved in ERF105. This suggested that ERF105 was 
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involved in plant defense response as it contains GCC-box binding domain in its 
sequence. In the Fig 4.3 we showed multiple sequence alignment of some of the 
AP2/ERF proteins. The consensus sequence is mentioned at the bottom. The amino 
acid residues, which are involved in the GCC-box binding domains, have been 
underlined.  The sequence analysis indicated clearly that the ERF domain present in 
ERF105 (70-129 amino acid) was highly conserved and suggested that ERF105 might 
perform similar function compared to other members. The AP2 domain was present 
between 71 amino acid and 153 amino acid. This domain search was performed using 

























	  	  	  
Fig 4.3 Multiple sequence alignment of selected members of the B3 subcluster of 
AtERF proteins in A. thaliana. The region highlighted represents the ERF domain. 
The consensus sequence derived is highlighted in the bottom. The residues, which 
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4.5 Subcellular localization of the At5g51190 (ERF105) 
 
As all the members of AP2/ERF characterized so far are TFs, it is highly likely 
that ERF105 is also a TF and hence should be nuclear localized. We generated 
pGREEN 35S::ERF105::GFP plasmid construct as per the protocol mentioned in 
Materials and Methods section 2.4. We transfected the WT-Col mesophyll protoplasts 
with this plasmid and by confocal microscopy ERF105-GFP fusion	   protein	   was	  found	  to	  be	  mainly	  nuclear	  localized.	  Fig	  4.4	  compares	  the	  GFP	  localization	  signal	  of	   35S::GFP	  protein	   (Fig	   4.4	  A)	   and	   the	  pGREEN	  35S::ERF105::GFP	  protein	   (Fig	  4.4	  B).	  Altogether	  nuclear	  localization	  signal	  of	  the	  ERF105	  protein	  was	  observed	  in	  three	  independent	  protoplasts.	  This	  data	  strongly	  indicated	  that	  ERF105	  was	  nuclear	  localized.	  Given	  the	  high	  sequence	  similarity	  with	  ERF104,	  which	  is	  also	  nuclear	   localized	  (Bethke,	  2009),	   it	  could	  be	  a	  hypothesized	  that	  ERF105	  could	  be	  a	  transcription	  factor.	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Fig 4.4 ERF105 GFP localization signal in Arabidopsis protoplasts. Protoplasts 
transfected with pGREEN 35S-GFP (A) and pGREEN 35S-ERF105-GFP (B). 

























(B) 35S-At5g51190-GFP  (A) 35S-GFP  
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4.6 Biotic stress response of At5g51190 (ERF105) in Arabidopsis 
 
The presence of GCC-box binding domain and sequence similarity to ERF104 
and to other genes in the B3 subcluster of AP2/ERF family suggested that ERF105 
might be involved in plant defense response. To confirm this hypothesis, we 
performed chitin elicitation assay on 12-day-old WT-Col seedlings. When 10mg/L 
chitin were used for the elicitation assay, transcript induction was significantly high 
about 6-fold at 20min compared to 0min (Fig 4.5). By about 30min of elicitation, the 
transcript level fell back to steady state levels. This strongly suggested that ERF105 
was induced by biotic stress fairly early, similar to other members in this gene family, 
namely ERF104 (Bethke et al. 2009), At1g22810, At2g44840, At2g34600 (Libault et 
al. 2007). ERF104, At1g22810, At2g44840 and At2g34600 are AP2/ERF TFs and they 
showed early response within 15min of induction. These data showed that ERF105 
was induced by chitin and hence involved in biotic stress-mediated plant immune 
response.  	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Fig 4.5 ERF105 chitin elicitation assay. Chitin elicitation assay showed significant 
upregulation of the ERF105 transcripts at 20min in 12-day-old WT-Col seedlings. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
expression. Values are the mean +/- standard deviation of three biological and two 
technical replicates. 
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4.7 Artificial microRNA-mediated silencing of ERF105 and 35S 
promoter-driven ectopic expression of ERF105 	  
To investigate the biological role of ERF105 in Arabidopsis, we first 
attempted to locate insertion mutants from public resources. Since, mutants in the 
coding region were not available for distribution although some were listed, we 
generated knockdown lines for ERF105, amiR-ERF105 transgenic plants that 
expressed the artificial microRNA specifically targeting ERF105 were generated. We 
obtained 9 independent transformants in the T3 generation. All of them were 
phenotypically similar to the WT.  Since ERF105 was also expressed in rosette leaves 
of the adult plant, total RNA was isolated from the leaves of 20-day-old transgenic 
plants, followed by reverse transcription and quantitative qRT-PCR analyses. The 
expression of ERF105 was significantly downregulated in most of the selected amiR-
ERF105 transformants, indicating that ERF105 was silenced in amiR-ERF105 
transgenic plants (Fig 4.6 A). The transgenic lines, A11 2-1 and A11 7-1 (hereafter 
referred to as amiR-ERF105 2-1 and amiR-ERF105 7-1) in which the transcript levels 
were downregulated more than 8-folds (Fig 4.6 A), were chosen for further molecular 
characterization.  
Further, we also generated 35S::ERF105 transgenic plants and obtained 12 
independent lines at the T3 generation. Like amiRNA knockdown lines, none of the 
ectopic expression lines showed any abnormal phenotype under normal growth 
conditions. The gene was ectopically expressed in all the lines and the transgenic 
lines, A11 9-1 (hereafter referred to as 35S::ERF105 9-1)  and A11 12-1 (hereafter 
referred to as 35S::ERF105 12-1) in which the ERF105 transcript levels was 
upregulated by more than 5,000- and 3,000-fold respectively (Fig 4.6 B),  were 
chosen for further molecular characterization.  
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Fig 4.6   Expression of ERF105 in transgenic plants. 
 
A) Transcript levels of ERF105 were significantly decreased in the leaves of 6 
selected amiR-ERF105 independent lines in the T3 generation. 
 
B) Transcript levels of ERF105 were significantly upregulated in the leaves of 7 
selected 35S::ERF105 independent lines in the T3 generation. 
 
Transcript levels in A and B were determined by qRT-PCR and are shown relative to 
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4.8 Regulation of ERF105 upon Alternaria brassicicola-mediated 
biotic stress 
 
The selected ectopic expression and amiRNA knockdown lines were used to 
assess whether the transgenic lines showed changes in their response to biotic stress 
generated by infection by the plant pathogen Alternaria brassicicola. The leaf 
infection was carried out over three days as described in Materials and Methods 
section 2.5.4. Chlorotic lesions were quantified using the protocol in section 2.8.10. 
Pictures were taken one-day post infection (dpi) and three dpi. In Fig 4.7A 
representative pictures from the assays are shown. The infected leaves of ectopic 
expression plants showed more chlorotic lesion as compared to leaves from 
knockdown plants at 3dpi (Fig 4.7). 
In Fig 4.7 B, the level of chlorosis was measured for each leaf and compared 
to the WT leaf at 3dpi.  These results were consistent with the ERF104OE  leaf 
infection assay (Bethke et al. 2009). Infected leaves from ERF104OE also developed 
severe chlorotic lesion in ectopic expression lines in comparison to the WT and 
knockdown plants. This strongly indicated that altering the level of ERF105 made the 
plants either susceptible to fungal pathogen or suggesting that ERF105 likely 
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Fig 4.7 Leaf infection assay on the transgenic leaves of ERF105 using Alternaria 
brassicicola. Leaves from 1dpi and 3dpi were compared. 
 
A Leaves from 1dpi and 3dpi were compared. More severe chlorotic lesions were 
seen in ectopic expression plants in comparison to the ERF105 knockdown plants. 
 
B Chlorotic lesions developed in ERF105 transgenic leaves are plotted against WT 
leaves at 3dpi. Ectopic expression leaves showed more chlorotic lesions in 
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4.9 Changes in transcript levels of ERF105 upon abiotic stress 
treatment 
	  
DREB1 and DREB2 belonging to AP2/ERF family have been shown to 
respond to drought and low-temperature in Arabidopsis (Liu et al. 1998). Since 
members of the AP2/ERF family responded to both biotic and abiotic stress (Lorenzo 
et al. 2003; Sakuma et al. 2002; Dietz et al. 2010), it was important to study whether 
ERF105 belonging to this class of TFs also responds to abiotic stress. When we 
subjected 12-day-old WT-Col seedlings to various abiotic stress conditions, changes 
in the transcript levels were observed. This was expected as expression of DREB1 and 
DREB2 was altered by low-temperature stress and since ERF105 also belongs to the 
AP2/ERF family induction in transcript levels upon abiotic stress was expected.  
When the seedlings were exposed to cold treatment at various time points at 
10°C, we observed more than 2-fold induction of ERF105 transcript levels at 60min 
in comparison to 0min (Fig 4.8 A). As we saw changes in the transcripts upon cold 
treatment, we also exposed of WT-Col seedlings to drought because DREB genes are 
known to respond to both drought and salt stress (Sakuma et al. 2002; Shinozaki and 
Yamaguchi-Shinozaki 2007). More than 30-fold induction in the expression of 
ERF105 transcripts was observed when seedlings were exposed to drought treatment 
in comparison to 0min (Fig 4.8 B). This suggested that ERF105 was influenced by 
drought. This also led to the speculation that AP2/ERF genes coordinated the response 
to cold and drought together, as they both are abiotic stress conditions.  
Apart from the cold and drought, plants were exposed to high salinity 
conditions and this could induce immune response (Dietz et al. 2010).  DREB class of 
genes also respond to changes in salinity (Dietz et al. 2010). To test this hypothesis, 
whether ERF105 might also respond to high salt stress upon elicitation by NaCl, we 
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treated WT-Col seedlings with 200mM NaCl solution. We observed a 3-fold change 
in the transcript levels at 30min compared to 0min (Fig 4.8 C). But at 60min the 
transcript levels dropped compared to 0min, suggesting that ERF105 responded to 
high salinity by inducing its transcript levels early.  
When the seedlings were exposed to UV irradiation for 10min we saw a 10-
fold change in the induction of ERF105 transcript levels compared to 0min (Fig 4.8 
D). This indicated that under adverse abiotic stress conditions like UV irradiation the 
transcript levels of ERF105 are upregulated.  
Collectively, all these data on stress induction of ERF105 transcript levels 
indicated that in concert with other proteins, ERF105 might help plants to respond 



















Fig 4.8 Significant changes in ERF105 transcript levels upon abiotic stress treatments.  
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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4.10 Regulation of ERF105 in response to phytohormone induction  
 
Phytohormones play diverse role in plant growth and development. As shown 
by previous experiments that ERF105 was induced by both biotic and abiotic stresses, 
the role of phytohormones in regulating this response should be significant. ERF104 
is elicited by ethylene and thereby regulates plant immune response (Bethke et al. 
2009). ERF105 shares high sequence similarity with ERF104 and both these proteins 
belong to the Ethylene Response Factor (ERF) class of proteins, hence it is highly 
likely that ERF105 should respond to ethylene elicitation. We wanted to test our 
hypothesis whether ERF105 would also induced by ethylene by using ACC, which is 
an ethylene precursor. We checked for the changes in transcript levels when we 
elicited 12-day-old WT-Col seedlings with ACC (10μM). We observed more than 7-
fold change in the transcript levels of ERF105 upon ACC treatment at 180min in 
comparison to 0min (Fig 4.9 A), suggesting that ERF105 that contains one ERF 
domain responded to ethylene.  
Furthermore since ERF105 was screened from a GA3-inducible set of genes 
from previous microarray data from our lab, we checked whether GA3 would induce 
the expression of ERF105. GA promotes growth by stimulating destruction of the 
nuclear growth-repressor DELLA proteins and DELLAs promote survival in adverse 
environmental conditions (Achard et al. 2008). So to test this hypothesis whether GA3 
would induces ERF105, we subjected the WT-Col seedlings to GA3 and measured the 
transcript levels of ERF105. We observed 3-fold induction in the transcripts at 30min 
compared to 0min (Fig 4.9 B). This indicated that GA3 induced ERF105. 
Studies have shown that ethylene and JA cooperatively regulate the expression 
of transcription-factor families in Arabidopsis thaliana (Nakano et al. 2006). 
Elsewhere it has been shown that JA signaling causes changes in gene regulation of 
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AP2/ERF TFs, which could act as either repressors- or activators- of the Arabidopsis 
immune response (McGrath et al. 2005). JA is one among the various phytohormones 
involved in stress induced plant immune response regulation along with SA. We 
tested whether ERF105 transcripts were upregualted by MeJA treatment. Upon MeJA 
elicitation, we found more than 3-fold transcripts induction at 60min in the WT-Col 
seedlings compared to 0min (Fig 4.9 C). We also tested whether SA influenced the 
transcript levels of ERF105 and we found 2-fold upregulation in the transcripts at 
30min in comparison to 0min (Fig 4.9 D). These data, on of transcript induction of 
ERF105 upon various abiotic stress treatments were consistent with the profiling of 
143 AP2/EREBP TFs (Feng et al. 2005). They have shown significant changes in the 
ERF105 transcripts upon the various abiotic stresses including cold, drought, salinity 
and UV irradiation. It is to be noted that the study has only quantified the changes of 
transcripts in the WT plant tissue only and no further functional characterization study 
of ERF105 was done (Feng et al. 2005). In this context, our data assumes 
significance, which suggested that ERF105 was influenced by the phytohormones. 
The increase in the transcript levels upon MeJA and SA hinted that ERF105 was 
involved in plant defense response. 	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Fig 4.9 ERF105 was significantly upregualted by the induction of various 
phytohormones quite early, suggesting that ERF105 regulation could be controlled by 
various phytohormones. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
expression. Values are the mean +/- standard deviation of three biological and two 
technical replicates. 
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4.11 Expressions of stress responsive genes in the transgenic lines of 
At5g51190 (ERF105) 
	  
With the strong evidence that ERF105 was induced by both biotic and abiotic 
stresses and various phytohormones, it was interesting to check if some of the known 
downstream target genes of AP2/ERF could also be regulated by ERF105. COR15A 
and RD29A are well-characterized stress-responsive marker genes. The DREB1 TF 
regulates these genes by binding to the C-repeat/DRE DNA regulatory element in the 
promoter region (Stockinger et al. 1997).  As a member of the AP2/ERF TF, ERF105 
might also function to regulate the expression of the COR15A and RD29A. DREB2A 
which is a TF belonging to AP2/ERF family is also involved in the regulation of 
stress-inducible genes. ELIP2 is the early-light inducible protein and has been studied 
as UV-induced marker gene (Adamska et al. 1992). To test our hypothesis whether 
ERF105 was indeed a stress induced TF, transgenic lines wherein the ERF105 was 
ectopically expressed and silenced were used for the assay.  
The expression levels of these four marker genes (COR15A, RD29A, DREB2A 
and ELIP2) were observed in the WT-Col seedlings. Upon cold treatment of WT-Col 
seedlings, we observed downregulation of COR15A transcripts at 60min, but at 
180min the transcript levels were comparable to 0min (Fig 4.10 A). In the ERF105 
knockdown background, we saw 1-fold downregulation of the transcripts at 0min, 
indicating that disruption of ERF105 repressed the expression of this gene without 
any stress induction.  Upon cold treatment, more than 9-fold downregulation of 
transcripts at both 60min and 180min were observed. Similar results were obtained in 
the ectopic expression plants. These results might suggest that ERF105 likely 
regulates the expression of COR15A. 
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When amiRNA lines were exposed to NaCl stress, no significant change in the 
transcript levels of DREB2A was observed. But the DREB2A transcript levels in the 
ectopic expression plants were induced by more than 140-fold at 30min and 60min 
(Fig 4.10 B). This indicated that overexpression of ERF105 induced the expression of 
other AP2/ERF TFs by co-ordinating the stress response in plants.  
This hypothesis has been proven by a study on AtERF14 (Onate-Sanchez et al. 
2007).  AtERF14 is required for the expression of some other AP2/ERF genes 
involved in plant defense and ethylene/JA responses, such as ERF1 and ERF2 (Onate-
Sanchez et al. 2007). 
The transcript levels of RD29A in the WT seedlings at 20min showed 10-fold 
induction in comparison to 0min, but dropped after 30min (Fig 4.10 C). In ectopic 
expression seedlings we observed increased transcript levels at 0min prior to salt 
stress. But at 20min the transcript level further dropped. While in the knockdown 
lines the transcript levels of RD29A were upregulated more than 10-fold at 30min. 
These results indicated that ERF105 was likely to regulate the expression of RD29A, 
which is a known downstream target gene of DREB1.  
Since DREB1 belongs to AP2/ERF, from our data we could suggest that 
RD29A was also regulated by ERF105, which belongs to AP2/ERF.  
The transcript levels of the ELIP2 (Early light inducible proteins 2) were 
induced 60min after UV irradiation in the WT seedlings by 4-fold when compared to 
transcripts at 0min (Fig 4.10 D). In ectopic expression plants no significant changes 
were observed in comparison to WT. In the knockdown plants the transcript levels 
were induced by 5-fold at 30min after UV irradiation in comparison to 0min.  This 
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suggested that altering the level of ERF105 in plants regulated the expression of 
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Fig 4.10 Relative expression of various marker genes upon stress induction in 
ERF105 ectopic and knockdown background. Note: The error bar in (B) is too small 
to be seen. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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4.12 Putative downstream targets of ERF105  	  
As previously discussed, ERF105 contains GCC box binding motifs, and these 
GCC domains are present in the promoters of downstream genes, which are involved 
in stress regulation. Studies have demonstrated that the GCC box, an 11bp sequence 
(TAAGAGCCGCC) that is conserved in the 5‘ upstream region of ethylene-inducible 
pathogenesis-related protein encoding genes in Nicotiana spp and in some other 
plants, is essential for ethylene responsiveness (Ohme-Takagi and Shinshi 1995). 
They also showed that accumulation of mRNAs for ERFs was induced by ethylene. 
Another study has shown that AtERF1, AtERF2, and AtERF5 functioned as activators 
of GCC box–dependent transcription in Arabidopsis leaves (Fujimoto et al. 2000). By 
contrast, AtERF3 and AtERF4 acted as repressors that downregulated not only basal 
transcription levels of a reporter gene but also the transactivation activity of other 
transcription factors. They suggested that AP2/ERF genes were differentially 
regulated by ethylene and by abiotic stress conditions, such as wounding, cold, high 
salinity, or drought, via ETHYLENE-INSENSITIVE2 (EIN2)–dependent or –
independent pathways. It was concluded that AP2/ERFs are factors that respond to 
extracellular signals to modulate GCC box–mediated gene expression positively or 
negatively. Another study lists the number of genes that are upregulated in ERF104OE 
plants (Bethke et al. 2009). Genes in the PR and PDF family are highly upregualted. 
A study highlights that the gene PDF1.2 in Arabidopsis, encoding a plant defensin is 
commonly used as a marker for characterization of the jasmonate-dependent defense 
responses (Brown et al. 2003). Their results suggest that in addition to their role in 
regulating ethylene-mediated gene expression, ethylene response factors also appear 
to play an important role in regulating jasmonate-responsive gene expression, 
possibly via interaction with the GCC-box. The genes PDF1.2a and PR3 are the 
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downstream targets of the AP2/ERF proteins. Our hypothesis was that ERF105 could 
regulate the expression of GCC box containing downstream target genes because by 
bioinformatics analysis we showed that ERF105 contained GCC box binding domain.  
So we checked transcripts of these two genes namely PR3 And PDF1.2a in 
the ectopic expression and knockdown lines of ERF105 transgenic seedlings. The 
transcript levels of PR3 were significantly upregualted at 30min after chitin induction 
by more than 2-fold in knockdown lines and by more than 4-fold in ectopic 
expression lines in comparison to WT seedlings (Fig 4.11 A). This suggested that PR3 
was most likely one of the downstream target genes of ERF105.  
The transcripts of PDF1.2a were strongly upregualted by more than 15-fold in 
knockdown lines and 32-fold in the overexpression lines in comparison to WT 
seedlings at 30min (Fig 4.11 B). A study lists number of genes that are upregulated in 
ERF104OE plants (Bethke et al. 2009). Genes in the PR and PDF family are highly 
upregualted. This suggested that PDF1.2a was a downstream target of ERF105. This 
upregulation of both the genes upon chitin induction strongly suggests that ERF105 
likely to regulate the expression of these two stress-inducible genes by binding to the 
GCC box in the respective genes promoter. And it was quite likely that the 
downstream regulation of immune response in plants was mediated by the regulation 
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Fig 4.11 Changes in the transcript levels of PR3 and PDF1.2a in ERF105 transgenic 
lines. Both PR3 and PDF1.2a genes were upregualted at 30min after chitin induction 
in plants with altered expression of ERF105 gene in comparison to WT. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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4.13 General discussion 	  
Plants are exposed to various biotic and abiotic stresses. Biotic stresses from 
pathogen infection by bacteria, fungi, viruses can affect the growth and development 
of the plant. Similarly, abiotic stresses, which could be through salinity, changes in 
temperature, wounding through insect bite or herbivore attack, UV irradiation, 
drought etc. could also alter the growth of plants. These biotic and abiotic stresses 
initiate cascades of reactions culminating in plant defense response. Plants can react 
by developing stress-tolerance or stress-responsiveness when subjected to stress 
conditions (Shionozaki et al. 2003). The role of phytohormones in defense response is 
well studied (Pieterse et al. 2012; Navarro et al. 2008; Atkinson and Urwin 2012). 
Various studies have demonstrated that TFs mediated regulation of plant stress (Kreps 
et al. 2002; Atkinson et al. 2012). Table 1.1 lists various TFs that may be crucial in 
controlling the response to various stresses. A decisive function of AP2/ERF TFs in 
stress, redox, hormonal and metabolite-related control has been demonstrated (Dietz 
et al. 2010).  
The AP2/ERF transcription factor family, found only in plants, includes 
several genes that encode proteins involved in the regulation of disease resistance 
pathways. The subclasses include AP2 family, ERF family, RAV family and a loner 
At4g13040. The ERF family includes several subgroups. ERF105 containing one AP2 
domain has been classified as the B3 subcluster (Sakuma et al. 2002).  
In this study we characterized ERF105, which was highly expressed in 
inflorescence axis stem as compared to other tissues (Fig 4.1). ERF105 shares 55% 
overall sequence similarity with ERF104, which was functionally characterized. 
Furthermore, multiple sequence alignment showed that ERF105 contains GCC box 
binding region (Fig 4.3). This was expected, as GCC box binding region is present in 
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all the members of B3 subcluster, for example ERF104. The percentage similarity of 
ERF domain and AP2 domain between ERF105 and ERF104 was more than 95%, 
indicating that ERF105 might perform similar redundant functions as ERF104. 
Further characterization of ERF105 revealed that the protein was nuclear localized 
(Fig 4.4). This was consistent with the localization patterns of other members of B3 
subcluster, which are TFs. This suggested that ERF105 might also be functioning as a 
TF. 
AP2/ERF family contains an Ethylene-responsive element binding factor-
associated Amphiphilic Repression (EAR) motif (LXLXL or DLNXXP), which encodes 
transcription repression function to others. Upon sequence analysis we did not find 
any EAR in the amino acid sequence of ERF105. Upon analysis we did not find any 
EAR motif in ERF104 either, the closest homologue of ERF105. EAR motif present 
in ERF4, is associated with repression-type regulation of JA and disease resistance 
response (McGrath et al. 2005). Moreover, EAR motif is highly conserved in 
transcriptional regulators known to function as negative regulators in a broad range of 
developmental and physiological processes across evolutionarily diverse plant species 
(Kagale et al. 2011). This indicated that that ERF105 could be an activator-type 
AP2/ERF factor involved in JA and disease resistance pathways. Hence, we 
speculated that ERF105 along with ERF104 might even be a converging point where 
multiple stress responsive signaling pathways integrated. 
 
We observed upregulation of ERF105 upon chitin induction by more than 6-
fold (Fig 4.5). A study concluded that chitin response involves a signal transduction 
pathway other than the JA-, SA-, or ethylene-dependent pathways and they suggested 
the complexity in the mechanism of chitin-induced gene expression (Zhang et al. 
2002). Furthermore, the study also suggested that the response of certain genes to 
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chitin involves proteins induced by JA- and SA-dependent pathways. A study has 
identified 118 Arabidopsis TFs that respond to chitooctaose, and ERF105 is one 
among the 118 genes (Libault et al. 2007). Our observation that a significant increase 
in expression could be bought about by chitin within 20min of treatment supported 
the earlier findings. Under normal growth conditions, neither amiRNA:ERF105 nor 
35S::ERF105 plants (Fig 4.6) showed any phenotypic changes throughout their life 
cycle grown without fungal infection. This could be due to functional redundancy 
between ERF105 and its homologues. 
Because chitin upregulated ERF105, suggesting a role for it in biotic stress, 
we tested ERF105 transgenic lines for their response to biotic stress by Alternaria 
brassicicola (Fig 4.7). Excised leaves from amiRNA::ERF105 were more resistant 
while 35S::ERF105 were more sensitive to Alternaria-mediated biotic stress (Fig 
4.7). This could be because AP2/ERF transcription factors are widely involved in 
stress responses, therefore silencing and overexpressing ERF105 changes transcript 
levels under stress conditions (Riechmann and Meyerowitz, 1998; Gutterson and 
Reuber, 2004). Furthermore, ERF104 showed overall 55% sequence similarity with 
ERF105. Given the redundancy within the members of B3 subcluster, alteration of 
transcripts of one member in the plant might not show a strong phenotype upon stress 
induction. 
With the above results that ERF105 involved in biotic stress mediation, there 
was a likelihood that upon abiotic stress ERF105 may be upregualted as well. As per 
our expectation we observed more than 2-fold upregulation upon cold and NaCl 
treatment (Fig 4.8 A & Fig 4.8 C), 30-fold upregulation upon drought treatment (Fig 
4.8 B) and 10-fold upregulation by UV irradiation (Fig 4.8 D). In conclusion form our 
abiotic stress assay, it could be implied that ERF105 was induced by abiotic stress. 
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Furthermore, our study on ERF105 was in agreement with another study, which 
shows that some members of B3 subcluster are elicited by both biotic and abiotic 
stress (Dietz et al. 2010). A study has shown the response of ERF1-5 upon various 
abiotic stress conditions. The study showed that responses of AtERF genes to abiotic 
stress occurred much more quickly than do those to ethylene, suggesting that the 
AtERFs were involved in regulating responses to abiotic stresses in addition to 
ethylene (Fujimoto et al. 2000). Their findings suggested that the GCC box might act 
as a cis-regulatory element for biotic and abiotic stress signal transduction in addition 
to its role as an ERE, again implying that the AtERFs may act as transcription factors 
for stress-responsive genes. Together these data implied that ERF105 was also 
involved in mediating both biotic and abiotic stresses. 
Since ERF105 was identified as one of the genes regulated by GA3 among 
others from previous microarray data, it was pertinent to check the expression of 
ERF105 upon GA3 induction. We observed that ERF105 was upregualted by 3-fold 
upon GA3 induction (Fig 4.9 B). These data were consistent with an earlier study that 
suggested GA3-mediated growth response upon stress conditions (Achard et al. 2003). 
Our observation that a significant increase in expression bought about by GA3 
treatment supports the earlier findings.  Since ERF105 is an ethylene responsive 
element binding protein, it was highly likely that ERF105 would respond to ethylene 
elicitation. When we checked the transcripts of ERF105 for the ethylene-mediated 
elicitation, we observed more than 7-fold induction (Fig 4.9 A). We observed more 
than 4-fold upregulation (Fig 4.9 C) of ERF105 upon MeJA treatment and 2-fold 
upregulation upon SA induction (Fig 4.9 D). Since both MeJA and SA are involved in 
stress response, this suggested that ERF105 was stress induced. Our data were in 
agreement with another study, which analyzed gene expression of all the members of 
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B3 subcluster, and they found more than 2-fold upregulation of all genes upon MeJA 
treatment (McGrath et al. 2005). Another study suggested that multiple signaling 
pathways such as GA, ethylene, JA and MeJA are activated in response to abiotic 
stresses (Pieterse et al. 2012). We speculated that these stress-activated pathways 
might act in a combinatorial way to induce the expression of ERF105 gene, as 
highlighted by a study, which suggests that various TFs including AP2/ERF respond 
to incoming signals associated with multiple stresses (Atkinson and Urwin 2012). 
Hence, our data from phytohormone elicitation suggested that multiple hormones 
regulate ERF105, thereby mediating the plant defense response.  
The actions of the AP2/ERF transcription factors in plant development and 
stress responses could either be in parallel or in a hierarchy. In this context we studied 
stress-induced expression of several stress-responsive genes like COR15A, DREB2A, 
RD29A and ELIP2. We observed that the expression of these stress-responsive genes 
were highly sensitive (either upregualted or downregulated) to the ERF105 transcript 
levels in the ERF105 transgenic seedlings (Fig. 4.10). Several AP2/ERF genes are 
shown to regulate the expression of other members of the same transcription factor 
family. For example, ERF14 is required for the expression of some other AP2/ERF 
genes involved in plant defense and ethylene/JA responses, such as ERF1 and ERF2 
(Onate-Sanchez et al. 2007). A study suggests that a certain hierarchy may exist in the 
signaling pathway leading to the induction of these and other AP2/ERF genes in 
response to pathogen attack, and that some B3 AP2/ERFs act as activators of others 
(McGrath et al. 2005). Based on these data we suggest that ERF105 is indeed 
involved in the transcriptional regulation of these stress-responsive genes. 
ERF105 contained a GCC binding domain (Fig 4.3) and some of the known 
downstream target genes of AP2/ERF TFs contain GCC box in the promoter region. 
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We observed upon chitin elicitation more than 2.5-fold and more than 15-fold 
upregulation of both PR3 and PDF1.2a transcripts at 30min in both 
amiRNA::ERF105 and 35S::ERF105 seedlings, respectively (Fig 4.11). The promoter 
regions of PDF1.2a and PR3 contain GCC box, which are the target binding sites for 
the GCC binding domains of AP2/ERF transcription factors (Manners et al. 1998). 
One possible mechanism of ERF105 regulation of the downstream genes was through 
activation of GCC box containing genes like PR3, PDF1.2a etc. However to prove 
the claim, if experiments involving mutating the GCC-box elements have been 
performed this claim can be further strengthened. Furthermore, our data were 
consistent with the study on ERF104OE where significant upregulation of members of 
PDF and PR gene families were observed  (Betheke et al. 2009). These results 
suggested that ERF105 was involved in multi-stress response by regulating the 
downstream target genes like PR3 and PDF1.2a involved in stress response. 
One possible mechanism of AP2/ERF-mediated plant immune response 
regulation could be through mitogen-activated protein kinase. A study suggests that 
MPK3 and MPK6 are required for full priming of the stress response in Arabidopsis 
thaliana (Beckers et al. 2009). And these activated MPKs regulate expression of the 
downstream target genes like AP2/ERF by phosphorylating the transcription 
regulators bound to the AP2/ERF gene promoters (Hamel and Beaudoin 2010). Once 
AP2/ERF proteins are expressed, they in turn regulate the downstream targets like 
PDF or PR gene families by binding to the GCC box (Fujimoto et al. 2000; Brown et 
al. 2003; Bethke et al. 2009; Hao et al. 1998). In this case of ERF104, it has been 
shown that ethylene signaling is necessary to release the phosphorylated MPK6 from 
the MPK6-ERF104 complex, thereby leading to the regulation of downstream target 
genes belonging to PDF, PR and other gene families by the free ERF104 (Bethke et 
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al, 2009). Based on this we suggested that ERF105-mediated regulation of 
downstream target genes belonging to the family of PR, PDF etc. also might require 
the action of MPKs to activate the ERF105 protein. 
Finally, we it could be concluded that based on our study that ERF105 was 
involved in the plant defense response, which was regulated by various 
phytohormones. ERF105 regulated the downstream target genes like PR3 and 
PDF1.2a, which in turn regulate the biotic and abiotic responses. We did not observe 
any morphological changes in plants grown under normal growth conditions. Since 
we observed changes in the leaves upon Alternaria infection, it was important to 
study the overall phenotypic changes in the whole plant and through the entire life 
cycle of the plants. This could be studied in future using the transgenic plants 
generated (overexpression and gene suppression lines) when the plants are exposed to 
biotic and abiotic stresses. ERF105 and other members of B3 subcluster act in 
synergy to regulate the defense response upon appropriate signal perceived by 
probable upstream regulators like MPKs. If the study with the transgenic lines showed 
improved tolerance to biotic and abiotic stresses, ERF105 along with its homologues 




















Characterization of At5g58680 
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5.1 Background 
 
Armadillo (ARM)-repeat containing proteins possess tandem imperfect 
repeats of a sequence motif of about 42 amino acids (Coates et al. 2006). Animal 
ARM-repeat proteins function in various processes, including intracellular signaling 
and cytoskeletal regulation (Coates 2003). Arabidopsis thaliana genome contains 
more than 90 ARM repeat proteins (Kim et al. 2004). However, their functions are 
largely unknown. The first report of ARM-repeat containing protein in Arabidopsis 
was Armadillo/beta-catenin called ARABIDILLO-1 and -2. A study has demonstrated 
that ARABIDILLO-1 and -2 promote lateral root development (Coates et al. 2006). 
Another study reports that an Arabidopsis ARM-repeat protein is involved in abscisic 
acid response (Kim et al. 2004). The ABF2-interacting protein, designated as ARIA 
(arm repeat protein interacting with ABF2) indicates that ARIA is a positive regulator 
of ABA response (Kim et al. 2004). A study has identified an ARM-repeat containing 
protein from potato called PHOR1 (photoperiod-responsive 1)	  (Amador et al. 2001). 
PHOR1 appears to be a general component of GA signaling pathways that relocalizes 
to the nucleus in the presence of GA3. Based on a previous study in our lab (Stamm et 
al. 2012), we selected a few genes mediated by GA and from this list we chose to 
characterize At5g58680.  By various biotic and abiotic stress treatments, we found 
that At5g58680 responded to stress treatments. Upon alteration of At5g58680 
expression in transgenic lines we found higher susceptibility of ectopic expression 
lines to fungal pathogen. We concluded that the six ARM-repeat domain containing 
protein At5g58680 was involved in plant immune response. 
 
	  	   142	  
5.2 Sequence alignment with other known Arabidopsis ARM-repeat 
containing proteins 
We performed BLAST analysis against the Arabidopsis database to identify 
the closest homologue of At5g58680 protein. Upon BLAST search we identified that 
At3g01400 with 83.7% amino acid identity as the closest homologue of At5g58680. 
Since role of At3g01400 is not known, it was important to characterize At5g58680. As 
described in the introduction earlier, the first Arabidopsis gene containing ARM-
repeats were Arabidillo-1 and -2. By sequence alignment with Arabidillo-1 and -2 we 
found 28% and 34% amino acid similarity with At5g58680. So, based on our initial 
bioinformatics characterization we identified the closest homologue of At5g58680 as 
At3g01400, another ARM-repeat containing protein with unknown function. 
 
5.3 Identifying the number of ARM-repeats in At5g58680  
 
In a review paper, the number of ARM-repeats present in At5g58680 was 
identified as six (Coates 2003). So we decided to locate the number of ARM-repeats 
and the position of the ARM-repeats in the protein sequence of At5g58680 for further 
characterization. Using the website Pfam (http://pfam.sanger.ac.uk/) we could only 
locate three ARM-repeats which were significant and two other ARM-repeats were 
not significant. As we saw a discrepancy in the result, we used another website http://www.ebi.ac.uk/Tools/pfa/radar/	   which	   is	   used	   to	   detect	   repeats	   in	  protein	   sequences	   based	   on	   self-­‐alignment	   algorithm.	   Using	   this	   website	   we	  could	   identify	   six	   ARM-­‐repeats	   and	   located	   the	   position	   of	   the	   repeats	   in	   the	  amino	  acid	  sequence	  as	  shown	  in	  the	  figure	  5.1.	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Repeat I      62-99   . .IRNLIThLESSSSIEEQKQAAME.IRLLSK.NKpEN...RIKL 
Repeat II  103-140 GAIKPLVS.LISSSDLQLQEYGVTA.VLNLSL.CD.EN...KEMI 
Repeat III 144-181 GAVKPLVN.ALRLGTPTTKENAACA.LLRLSQ.VE.EN...KITI 
Repeat IV 185-222 GAIPLLVN.LLENGGFRAKKDASTA.LYSLCS.TN.EN...KTRA 
Repeat V   226-263 GIMKPLVE.LMI..DFESDMVDKSAfVMNLLMsAP.ES...KPAV 
Repeat VI 267–305 GGVPVLVE.IVEAGTQRQKEISVS..IL.LQL.CE.ESvvyRTMV 
 
Fig 5.1 The amino acid position and sequence of the six ARM-repeats (Repeat I to 
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5.4 Changes in transcript levels of At5g58680 upon abiotic stress 
treatment 
 
 A study has shown that the transcript levels of At5g58680 gets upregualted by 
13-fold upon phosphate starvation (Lei et al. 2011). This indicates that perhaps 
At5g58680 is induced by abiotic stress. In another study it was shown that Atg58680 
was one among various genes, which was exclusively upregulated by salt stress in 
roots (Ma 2006). Based on their study they hypothesize crosstalk between high 
salinity and other stresses. This led to a strong speculation that At5g58680 could be 
regulated by abiotic stress especially by salt. To test our hypothesis whether 
At5g58680 was indeed regulated by salt and other abiotic stress treatments we subject 
the 12-day-old WT-Col seedlings to NaCl, drought, UV irradiation and cold stresses 
as described in Materials and Methods section 2.5.2. 
When seedlings were treated with 200mM of NaCl, we did not observe any 
significant change in the transcript levels of At5g58680 (Fig 5.2 A). But when 
seedlings where subjected to drought condition for 20min we saw 5-fold upregulation 
of the At5g58680 transcripts at 20min (Fig 5.2 B). This suggested that At5g58680 
responded to drought treatment. To test our hypothesis further we also checked the 
response of At5g58680 upon UV irradiation treatment on the seedlings. At 30min 
more than 5-fold upregulation of At5g58680 transcripts were seen (Fig 5.2 C). When 
the seedlings were treated with cold temperature 2-fold upregulation of At5g58680 
transcripts was observed (Fig 5.2 D).  
Our data were consistent with other studies (Ma 2006); (Lei et al. 2011) 
wherein the transcript levels of At5g58680 were altered by abiotic stress. All these 
data suggested that At5g58680 was induced by abiotic stress conditions, although 
upon salt stress no significant change in the transcripts was observed.  
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5.5 Biotic stress response of At5g58680 in Arabidopsis 
 
  Since abiotic stress caused significant changes in the transcript levels of 
At5g58680, we checked transcripts levels upon biotic stress as well. We subjected the 
12-day-old WT-Col seedlings to chitin induction at 10mg/L concentration. The 
protocol followed as described in Materials and Methods section 2.7.2. We observed 
2-fold change in transcript levels at 20min (Fig 5.3). This suggested at At5g58680 was 

























Fig 5.2 Changes in the transcripts of At5g58680 upon various abiotic stresses. Salt 
stress did not induce significant change, but drought, UV irradiation and cold induced 
significant changes in the transcript. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 




















Fig 5.3 Chitin elicitation assay showed significant upregulation of the At5g58680 
transcripts. Upregulation was seen at 20min in 12-day-old WT-Col seedlings. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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5.6 Generation of At5g58680 transgenic Arabidopsis plants 
 
To investigate the biological role of At5g58680 in Arabidopsis, we first 
attempted to locate insertion mutants from public resources. Since mutants in the 
coding region were not available for distribution although some were listed, we 
generated knockdown lines for At5g58680, amiR-At5g58680 transgenic plants that 
overexpressed the artificial microRNA specifically targeting At5g58680 were 
generated. 
 In the T3 generation we obtained 5 independent transformants, all of them 
were phenotypically similar.  Since the At5g58680 was expressed in rosette leaf the 
total RNA was isolated from the leaf of 20-day-old adult transgenic plants, followed 
by reverse transcription and quantitative qRT-PCR analyses.  
The expression levels of At5g58680 was significantly downregulated in most 
of the selected amiR-At5g58680 transformants, indicating the At5g58680 gene was 
silenced in the amiR-At5g58680 transgenic plants (Fig. 5.4 A) The transgenic line 1-1 
(hereafter referred to as amiR- At5g58680 1-1) and 8-1 (hereafter referred to as amiR- 
At5g58680 8-1) in which the transcript levels were downregualted more than 9-folds 
each (Fig 5.4 A), were chosen for further molecular characterization studies.  
For more characterization studies, we also generated 35S::At5g58680 
transgenic plants and obtained 7 independent lines at the T3 generation.  
Like amiRNA knockdown lines, none of the overexpression lines showed any 
abnormal phenotype under normal growth conditions. The gene was overexpressed in 
all the lines and the transgenic line 3-1 (hereafter referred to as 35S::At5g58680 3-1) 
and 5-1 (hereafter referred to as 35S:: At5g58680 5-1) in which the At5g58680 
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transcript levels were upregualted by more than 10000- and 6000-fold (Fig 5.4 B), 
























Fig 5.4 Expression of At5g58680 in transgenic plants. Transgenic lines with 
At5g58680 ectopic expression and amiRNA knockdown were generated. Lines A7 1-
1 and 4-1 for knockdown and A7 3-1 and 5-1 for ectopic expression were used for 
further analysis in the study. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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5.7 Biotic stress assay by Alternaria brassicicola infection 
 
Since chitin elicited At5g58680 transcripts, we performed fungal leaf 
infection. The selected ectopic expression and amiRNA knockdown lines were used 
to assess whether the transgenic lines showed changes in their response to biotic stress 
by fungal plant pathogen Alternaria brassicicola. The leaf infection experiment was 
carried out over three days as described in Materials and Methods section 2.7.3. 
Chlorotic lesions were quantified using protocol in section 2.8.10. The experiments 
were repeated three times with two independent transgenic lines. As seen in the Fig 
5.5 A the chlorotic lesion seen in the ectopic expression lines were more severe as 
compared to those of amiRNA lines at 3dpi. The chlorotic lesions in the knockdown 
lines were less comparable to WT-Col at 3dpi. In the Fig 5.5 B, the level of chlorosis 
was measured for each leaf and compared to the WT leaf at 3dpi.  These results 
indicate that altering the level of the At5g58680, plants were either more susceptible 
(ectopic expression lines) or more resistant (knockdown lines) to fungal pathogen, 


















Fig 5.5 Leaf infection assay on the transgenic leaves of At5g58680 using Alternaria 
brassicicola. Leaves from 1dpi and 3dpi are compared.  
 
A Leaves from 1dpi and 3dpi are compared. More severe chlorotic lesions were seen 
in ectopic expression plants in comparison to the At5g58680 knockdown plants. 
 
B Chlorotic lesions developed in At5g58680 transgenic leaves were plotted against 
WT leaves at 3dpi. Ectopic expression leaves showed more chlorotic lesions in 
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5.8 Hormonal elicitation of At5g58680  
 
PHOR1 (photoperiod-responsive 1) has been identified as ARM-repeat 
containing protein from potato. A study in transgenic lines overexpressing PHOR1 
shows an enhanced response to GA and upon GA3 application, there occurs rapid 
migration of PHOR1-GFP protein to the nucleus (Amador et al. 2001). And they 
conclude that PHOR1 relocalizes to the nucleus in the presence of GA3, and appears 
to be a general component of GA signaling pathway.  This led to the speculation that 
perhaps other ARM-repeat proteins from Arabidopsis might also be regulated by GA3 
induction (Amador et al. 2001). To test this hypothesis, we exposed 12-day-old WT-
Col seedlings to GA3  treatment. At 30min post induction we saw strong induction in 
the At5g58680 transcript levels (Fig 5.6 A). This suggested that At5g58680 was likely 
to be regulated by GA.  
As discussed in the Introduction of this thesis, studies have shown that both 
MeJA and SA are involved in stress response. These two phytohormones play 
important roles in plants responding to both biotic and abiotic stress conditions. A 
study has shown that transcript levels of At5g58680 gets upregualted by more than 2-
fold in response to wounding by insects, and the increase in transcript levels of 
At5g58680 is mediated by MeJA (Ford et al. 2010). To assess whether MeJA 
elicitation upon the 12-day-old WT-Col seedlings would induce At5g58680 
transcripts we treated the seedlings with MeJA. Induction with more than 5-fold was 
observed at 30min post MeJA treatment  (Fig 5.6 B) suggesting that MeJA indeed 
induced the At5g58680, thereby mediating the stress response.  
Another study suggests that phytohormone SA is best known for its role as a 
mediator of plant defense, but it can also play a significant, although complicated, 
role in response to abiotic stress and stress-induced developmental transitions (Ford et 
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al. 2010). Their study further suggests that SA is a phytohormone known for its role 
in plant defense against pathogens and as an inducer of systemic acquired resistance; 
however, it can also modulate abiotic stress responses. Their study also hints at the 
possibility that SA might induce At5g58680 transcript levels. To test this hypothesis 
whether SA induced At5g58680, we subjected WT-Col seedlings to SA. More than 
three-fold induction in the transcripts of At5g58680 was observed at 30min (Fig 5.6 
C). This suggested that SA induced and thereby likely to regulate At5g58680 
expression when plants were exposed to stress conditions. 
From the hormonal elicitation study it could be concluded that GA, MeJA and 
SA induces At5g58680, which was in agreement with studies by other groups 

















Fig 5.6 At5g58680 was significantly upregualted by the induction of various 
phytohormones quite early, suggesting that At5g58680 regulation could be controlled 
by various phytohormones. 
Transcript levels were determined by qRT-PCR and are shown relative to TUB2 
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5.9 General discussion 
 
ARM-repeat containing proteins play diverse roles, including intracellular 
signaling and cytoskeletal regulation in the animal kingdom (Coates 2003). 
Arabidopsis thaliana genome contains more than 90 ARM repeat proteins (Kim et al. 
2004). In this study we characterized one ARM-repeat containing protein in 
Arabidopsis thaliana called At5g58680.  
 We identified six ARM-repeats in At5g58680 (Fig 5.1), which was consistent 
with a report from another study (Coates 2003). We observed more than 2-fold 
upregulation upon drought, UV irradiation and cold treatment (Fig 5.2). Our data is 
consistent with other studies, which showed changes in At5g17960 transcripts upon 
abiotic stresses. A study shows that among various genes, which get exclusively up 
regulated by salt stress in roots, Atg558680 is also upregulated (Ma 2006). Based on 
their study they hypothesize crosstalk between high salinity and other stresses. 
Although we did not observe any changes in the At5g58680 transcripts upon salt 
stress (Fig 5.2 A), since we performed the salt stress on 12-day-old seedlings, but still 
upon other abiotic stress conditions we saw upregulation of At5g58680 transcripts. 
These data suggested that At5g58680 is induced by abiotic stresses. 
 There is strong correlation between biotic and abiotic stress conditions. 
Several studies have shown that the signaling cascade upon both biotic and abiotic 
stress induction converges to regulate downstream defense response (Atkinson and 
Urwin 2012, Shinozaki et al. 2000). As we have shown in Fig 1.1 combination of both 
biotic and abiotic stress conditions might lead to signal transduction. Since we saw 
changes in At5g58680 expression upon abiotic stress, we checked expression of 
At5g58680 upon biotic stress as well. Transcript levels of At5g58680 were 
upregualted by more than 2-fold upon chitin elicitation. This suggests that At5g58680 
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is involved in biotic stress response in plants. To further confirm whether biotic stress 
induces At5g58680, we generated transgenic lines namely amiRNA::At5g58680 and 
35S::At5g58680 (Fig 5.4). We observed amiRNA::At5g58680 leaves were more 
resistant while 35S::At5g58680 were more susceptible to Alternaria-mediated biotic 
stress (Fig 5.5). These data suggest that At5g58680 is induced by biotic stress.  
 It has been shown earlier that phytohormones like JA, SA, and ethylene are 
known to modulate plant immunity (Pieterse et al. 2012). Another study has shown 
the role of phytohormone against bacterial infection (Bethke et al. 2009), fungal 
infection (Shinozaki et al. 2007), salinity and pH (Lager et al. 2010). Since 
phytohormones regulate the expression of several stress-induced gene expression we 
quantified this response for At5g58680. The expression of At5g58680 is upregulated 
by more than 5-fold upon GA3 induction (Fig 5.6 A).  This data correlates with a 
study which shows that ARM-repeat containing PHOR1 shows an enhanced response 
to GA upon GA3 application (Amador et al. 2001). So based on this study we can 
conclude that GA regulates At5g58680, which contains 6 ARM-repeats. While upon 
MeJA treatment 6-fold induction on At5g58680 transcripts were observed (Fig 5.6 D). 
Our data is consistent with another study which shows that transcript levels of 
At5g58680 gets upregualted by more than 2-fold in response to wounding by insects, 
and the increase in transcript levels of At5g58680 is mediated by MeJA (Ford et al. 
2010).  
 Furthermore, upon SA treatment we observed more than 3-fold induction of 
At5g58680 (Fig 5.6 C). Our data is consistent with another study, which suggests that 
SA might induce At5g58680 transcript levels (Ford et al. 2010). The study further 
highlights that phytohormone SA is best known for its role as a mediator of plant 
defense, but it can also play a significant, although complicated, role in response to 
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abiotic stress and stress-induced developmental transitions. Their study further 
suggests that SA is a phytohormone known for its role in plant defense against 
pathogens and as an inducer of systemic acquired resistance; however, it can also 
modulate abiotic stress responses. Based on this study we suggested that At5g58680 
could be induced by multiple phytohormones regulating the plant immune response. 
Moreover, as discussed in the Introduction section there are more than 26 
genes in Arabidopsis thaliana that contains six ARM-repeats (Table 1.3). As 
compared with previous two genes namely At5g17960 and ERF105, the redundancy 
among the various six ARM-repeat containing proteins could account for the lack of 
differences seen when exposed to stress conditions. Furthermore, it is pertinent to 
study the overall phenotypic changes in the plants and through the entire life cycle of 
the plants when the plants are exposed to both biotic and abiotic stresses. 
Finally, based on our characterization study of At5g58680 we concluded that 
At5g58680 was regulated by multiple hormones, which in turn was induced by both 
biotic and abiotic stresses thereby playing a role in plant defense response. Hence, 
further study of this ARM-repeat containing protein would help us to understand plant 
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In this study, three distinct Arabidopsis genes, identified from previous 
microarray data in our lab, were characterized. Although, bioinformatic analyses 
revealed the presence of distinct functional domains in each of the three genes, the 
functional characterization of these genes highlighted their involvement in the abiotic 
and biotic stress response. 
Our results proved that At5g17960 belonged to the C1 clan family. 
Furthermore, our data were the first ever report of characterization of 73 C1 clan 
genes in Arabidopsis. C1 clan domain containing proteins mediated plant stress 
response. Our promoter analysis has predicted putative roles of these 73 C1 clan 
genes mediated by TFs which could be induced by various phytohormones and stress 
responses. Furthermore, we have showed that two other genes sharing high sequence 
similarity with At5g17960 also mediated plant stress response. It might be possible 
that these uncharacterized genes belonging to the C1 clan along with other genes 
might regulate plant stress response by a mechanism that is yet to be characterized. 
This indicated that these genes might be acting as a converging point for various 
phytohormone-mediated stress response. Therefore we speculated that further detailed 
characterization of this family of genes could help to unravel the mechanism 
underlying phytohormone-mediated stress response. 
We observed that ERF105 belonged to the AP2/ERF family of TFs. Our study 
further showed that ERF105 was involved in both biotic and abiotic stress response. 
Besides, regulating the expression of downstream stress-inducible genes like PR3 and 
PDF1.2a, it was also induced by various phytohormones involved in plant stress 
response. Therefore, we believe that further analysis of ERF105 in plant stress 
response would help us to comprehend the role of AP2/ERF TF family in plant stress 
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response. 
The six ARM-repeats containing At5g58680 protein, could be induced by 
various stresses. Additionally, we showed that At5g58680 was induced by stress-
related phytohormones. Together, our study on At5g58680 showed that this ARM-
repeat containing protein could be involved in plant stress response. No reports are 
available for the involvement of animal ARM-repeat containing proteins in defense 
response. Therefore, further understanding the role of plant ARM-repeat containing 
proteins would affirm their role in defense response.  
These results suggested that further molecular and functional characterization 
of these three genes by observing the respective transgenic plants (both ectopic 
expression and knockdown lines) after exposing them to both biotic and abiotic 
stresses will help us to better understand the complex plant stress response. Such 
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Multiple sequence alignment of C1_2 domain of 73 C1 clan genes 
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Fig A. The multiple sequence alignment of C1_2 domain of 73 C1 clan genes in 
Arabidopsis thaliana. The gene name is followed by amino acid position, followed by 
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Fig B. The multiple sequence alignment of C1_3 domain of 73 C1 clan genes in 
Arabidopsis thaliana. The gene name is followed by amino acid position, followed by 
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Multiple sequence alignment of ZZ/PHD type domain of 73 C1 clan genes 
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Fig C. The multiple sequence alignment of ZZ/PHD type domain of 73 C1 clan genes 
in Arabidopsis thaliana. The gene name is followed by amino acid position, followed 
by P-value and the amino acids corresponding to ZZ/PHD type domain are 
highlighted in color. 
